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TRISTIMULUS SPECIFICATION OF THE MUNSELL BOOK 
OF COLOR FROM SPECTROPHOTOMETRIC MEASURE- 
MENTS 


By Kenneth L. Kelly,’ Kasson S. Gibson, and Dorothy Nickerson # 


ABSTRACT 


The development of the Inter-Society Color Council-National Bureau of 
Standards (ISCC-NBS) system of color names, based on the standards in the 
Munsell Book of Color, made it necessary to specify the master standards of this 
book in fundamental terms. Accordingly, spectral reflection curves were run 
for each of the 421 master standards on the General Electric recording spectro- 
photometer at the National Bureau of Standards, using slit widths of approxi- 
mately 4 millimicrons. Various corrections were applied to these spectrophoto- 
metric data in accordance with methods regularly used for such work at the 
bureau. Colorimetric computations were then made with these data, resulting 
in tristimulus specifications according to the 1931 ICI standard observer and 
coordinate system. Four illuminants were used: ICI illuminants A and C, rep- 
resentative of incandescent-lamp light and average daylight, respectively, illumi- 
nant ‘‘D” (lightly overcast north sky), and illuminant ‘S’”’ (extremely blue sky). 
The colorimetric specifications of the Munsell standards for all four illuminants 
are thus given. 

The trilinear coordinates for the Munsell standards calculated for ICI illumi- 
nant C have been plotted on large chromaticity (z,y) diagrams and constant 
Munsell chroma lines drawn in. (Similar values obtained by Glenn and Killian 
at the Massachusetts Institute of Technology in 1935 for Munsell color standards 
bearing the same hue-value-chroma designations have also been plotted on the 
diagram and differences between the two sets of data are discussed.) These dia- 
grams serve as means for determining the Munsell notation and thereby the 
ISCC-NBS color name for any color whose trilinear coordinates and apparent 
reflectance are given, 
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I, INTRODUCTION 


Two of the official compendia of drugs and medicines, the United 
States Pharmacopoeia and the National Formulary, specify the purity 
and quality of drugs by a number of tests for which tolerance limits 
are set. With a crude drug, for example, these tests refer to ash, acid 
As Research Associate at the National Bureau of Standards, representing the American Pharmaceutical 
Association. 
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insoluble ash, size, chemical identification tests, taste, color, and s0 
forth, these being indications of purity or quality. All of the tests 
except color have been under continuous study by committees en- 
trusted with their revision. Color, on the other ties presented a dif. 
ferent type of problem whose solution was not attempted until 1931, 
Previously the color terms used in the USP and NF had enjoyed no 
official definition but contained, among others, such confusing terms 
as “brownish green” or “blackish white,” with seldom any reference 
to a color chart or standard. In the monograph of a drug, the pharma- 
cognocist describes the colors of the outside and the inside, the colors 
of the various microscopic elements, and finally, the colors of the iden- 
tification tests. In each instance, no mention is made of the normality 
of the observer’s color vision [1], * or of the conditions of lighting or 
viewing. 

Agitation toward research for the development of a suitable system 
of color terminology was begun in the twenties by E. N. Gathercoal, 
then a member of the USP Revision Committee [2]. After the found- 
ing of the Inter-Society Color Council, of which he was the first chair- 
man, studies were made of the then existing color systems, and in 1933 
the report [3] was submitted which became the basis of the system of 
color names now known as the ISCC-NBS system of color names [4]. 
Procedures were developed at the same time for the application of 
these color names to the description of the colors of crude drugs, pow- 
dered drugs, chemicals, liquids, precipitates, microscopic structures, 
and fluorescent materials [5]. The central notations of the color-name 
blocks were determined for the application of these color names to the 
description of the colors of soils [6]. Recently these names have also 
been used to describe the colors of illuminants, and a description of this 
method of use is in preparation. 

In all of this work, the boundaries of the separate color-name blocks 
have been specified in terms of the Munsell color standards [7, 8]. It 
was realized early in the project that in order to be placed on a sound 
basis the individual boundaries must be specified in fundamental terms. 
The accuracy of the system of color names would then be independent 
of the existence or stability of the individual system of material color 
standards, in terms of which the system is used in practice. Since the 
Munsell color system provided a very satisfactory means of determin- 
ing which color name best described the color of an object, it was de- 
cided to measure the spectral reflectances of all of the color standards 
in the Munsell Book of Color. The specification of the trilinear coor- 
dinates and apparent reflectances of each of the Munsell samples would 
provide an invariable specification of the color of that sample and there- 
by of a definite point in the framework of the system by which the 
relative position of each color name is indicated. 

Tristimulus specifications of the Munsell Book ef Color have 
been published by Glenn and Killian [8] and were available for some 
time before that date. Instead of using the Glenn-Killian data, 
however, it seemed preferable to define the ISCC-NBS system of 
color names by way of the Munsell samples actually used in the 
color-names work. This involved a nominal repetition of the spec- 
trophotometric and colorimetric work carried out by Glenn and 
Killian, but avoided uncertainties arising out of the possible dif- 
ferences between the respective Munsell samples bearing the same 


3 Figures in brackets indicate the literature references at the end of this paper. 
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color designation as well as those arising from the unknown history 
and usage of the Glenn-Killian samples prior to their measurement. 
Furthermore, the present authors desired to use in the spectrophoto- 
metric measurements certain methods of calibration regularly used at 
the National Bureau of Standards for such work. The measure- 
ments and computations described below were accordingly under- 
taken, and the diagrams and tables included in the present paper 
provide a means by which a color may be named without reference t9 
a color chart, or by which the boundaries of the color-name blocks 
may be specified in terms of a fundamental color system. It is now 
possible to select the appropriate color name for a color when the 
fundamental specifications for that color are given. 

Since the application of this system of color names will be made in 
the plant or in the field where the illumination used will usually be 
daylight, all of the techniques and computations, both for the color 
names and for the Munsell system, have primarily been made on the 
basis of ICI illuminant C. However, colorimetric data on the Mun- 
sell standards for other illuminants are also of interest. Accordingly, 
based on the same spectrophotometric data, tristimulus values have 
been computed for four illuminants—ICI illuminant C [9] (representa- 
tive of average daylight), ICI illuminant A [9] (2,842°K [10], repre- 
sentative of incandescent illuminants), illuminant ‘D” [11, 12] (rep- 
resentative of lightly overcast north sky), and illuminant “S”’ [13, 14] 
(representative of extremely blue sky). 


II. SAMPLES MEASURED 


Prior to his death, Walter T. Spry, then manager of the Munsell 
Color Co., deposited one or more samples of all of the original paint- 
ings of the standards in the Munsell Book of Color with the Color- 
imetry Section of the Bureau. He also deposited repaints of all 
colors the original paintings of which had become depleted, together 
with new colors prepared up to 1935. In selecting the samples of 
each color to be measured, that painting was chosen which matched 
the color chip of the same designation in the Munsell Book of Color. 
In most instances the color differences between the originals and 
their repaints were negligible, but in several cases it was important 
to specify which painting was used. Therefore, for the purpose of 
accuracy and as a matter of record, the painting number of each 
sample measured is given. 

The 2-value 2-chroma samples for the intermediate hues (10R, 
10YR, 10Y, ete.) were painted independently of the other 2-value 
2-chroma samples, and the colors and the data are not as congruent 
with the other samples as they are with each other. These samples, 
as well as several 8-value 2-chroma samples for the intermediate 
hues, are not included in the Munsell Book of Color, but they were 
measured and the data are included in the present paper for the 
sake of completeness. One new sample, 10YR 8/8, recently received, 
isincluded. The complete list of samples measured is given in table 2. 

The samples in the Munsell Book of Color were inspected under a 
strong source of ultraviolet radiant energy and also under a strong 
yellowish green light for fluorescence that might vitiate the spectro- 
photometric measurements [15]. No fluorescence was observed under 
either illuminant. 
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III. METHODS OF MEASUREMENT AND COMPUTATION 


Spectral reflection curves of all of the samples noted and listed in 
table 2 were run on the General Electric recording spectrophotometer 
at the National Bureau of Standards. The samples were run rela- 
tive to magnesium oxide [16], with approximately 4 my slits and over 
a wavelength range from 400 to 750 mu. The samples were backed 
with black paper for these measurements. Calibration curves were 
run on each sheet, enabling corrections to be applied to the data for 
wavelength errors, for 100-percent and zero curve deviations, and 
for aging of the magnesium oxide comparison surface, in accordance 
with methods regularly used at the National Bureau of Standards 
[17, 18). 

As already noted, the colorimetric computations were made for 
four different illuminants. ICI illuminants A and C have become 
well established in colorimetric work. LIluminant A is the Plankian 
radiator or blackbody at 2,842° K (C,=14,320 micron-degrees, or 
2,848° K with C,=14,350); the color temperatures of common incan- 
descent illuminants vary from about 2,600° to about 3,100° K. 
Illuminant C is that produced by a source at 2,842° K combined with 
a certain Davis-Gibson daylight liquid filter [19]. On the “OSA 
excitations” basis (used in the design of the Davis-Gibson filters) the 
resulting color matched that of a Plankian radiator at 6,500° K. On 
the basis of the ICI data the approximate color temperature of this 
lamp-and-filter combination is 6,800° K. The color and spectral- 
energy distribution of ICI illuminant C satisfactorily match those of 
overcast sky or average daylight for colorimetric use. Hluminant 
“D” is that produced by an illuminant at 3,000° K combined with a 
Macbeth (Corning) daylight glass filter giving a color temperature 
of approximately 7,500° K. The color of illuminant “D’’, found to 
be the optimum color for cotton grading, is also being widely used 
for agricultural grading and textile color matching. Its color closely 
matches that of the lightly overcast north sky most desired for such 
work. Illuminant “‘S’’ was designed as the blue end point for a series 
of illuminants representing the range from fully overcast to maximally 
clear sky. It was devised by weighting Abbot’s “sun-outside- 
atmosphere” energy data by the inverse \‘ scattering relation.  Illu- 
minant ‘‘S’”’ has been designated as “limit blue sky.” 

The colorimetric data on the Munsell samples for ICI illuminant 
C, representative of average daylight, are of primary interest and the 
computations were carried out both at the National Bureau of Stand- 
ards and in the U. S. Department of Agriculture. Those for the other 
three illuminants were made in the Department of Agriculture. All 
of the computations in the Department of Agriculture were done by 
using Hollerith cards and automatically punching sums obtained by 
the method of progressive digiting. The authors are indebted to 
Lila F. Knudsen, mathematical statistician of the Food and Drug 
Administration, for suggesting this rapid method of computation [20). 
All of the computations were made by the weighted ordinate method. 

The spectral-energy distributions of the four illuminants are shown 
in figure 1, and in table 1 are given the tristimulus data for the spec- 


trum of each of the four illuminants used in the computations of 
X, Y, Z and g, y, 2 
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TaBLE 1.—ICI tristimulus data for the four illuminants, A, C, “D,” and “S,” 
used in deriving the colorimetric data on the M unsell standards 
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Fiaure 1.—Spectral energy distributions of the four illuminants used in deriving the 
colorimetric data on the Munsell standards. 
ICI illuminant A, 2,842° K, representative of incandescent illuminants. ICI illuminant C, representative 


of average daylight. I[luminant ‘‘D”’, representative of lightly overcast sky. Illuminant “S”’, represent- 
ative of “limit blue sky.” 


IV. COLORIMETRIC DATA 


Values of X, Y, Z, x, and y for all of the samples and for the fou 
illuminants, as explained above, together with the Munsell notations, 
H V/C (hue, value, and chroma), and the Munsell painting number 
for each sample, are given in table 2. Values for the neutrals are at 
the end of the table. Values of z are omitted, since z=1—z—y. 

Values of the trilinear coordinates, x and y, for ICI illuminant (, 
are plotted in figures 2 to 8 for Munsell values 2 to 8, respectively. 
The z and y values for ICI illuminant C, and therefore for magnesium 
oxide and for any other spectrally nonselective sample, are given il 
each diagram at s=0.3101, y=0.3163. Values of # and y for the 
Munsell samples obtained at the National Bureau of Standards ar 
plotted as circled points. The data obtained by Glenn and Killian 
[8] at the Massachusetts Institute of Technology in 1935 are plotted 
as uncircled points for comparison with the present data. When the 
two points for a sample coincide, the combination is plotted, as 4 
circled point with a short line attached; in many cases, to avoid col 
fusion, the two points are joined by a fine line. Lines are drawl 
connecting all of the NBS points of constant chroma on each diagratl, 
resulting in the spiderweb-like figures shown. 
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Figure 3.—ICI chromaticity diagram showing values of x and y for ICI illuminant C for Munsell standards of value level 3/. 
538330—43 (Face p. 60) 
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Fiaure 4.—ICI chromaticity diagram showing values of x and y for ICI illuminant C for Munsell standards of value level 4/. 
538330—43 (Face p. 60) 
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Fiaure 5.—ICI chromaticity diagram showing values of x and y for ICI illuminant C for Munsell standards of value level 5/. 
538330—43 (Face p. 60) 
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Figure 6.—ICI chromaticiiy diagram showing values of x and y for ICI illuminant C for Munsell standards of value level 6/. 
538380—43 (Face p. 60) 
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Ficure 7.—ICI chromaticity diagram showing values of x and y for ICI illuminant C for Munsell standards of value level 7/. 
538330—43 — (Face p. 60) 
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Graphs similar to figures 2 to 8 could of course be plotted for the 
other illuminants, using the data given in table 2. While this has not 
been done for the present paper, it has seemed of interest to show the 
effect of the illuminant on the location and shape of the network. 
This is done in figure 9, where the values of z and y for Munsell value 
5/ are plotted to the same scale for the four illuminants. 
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Ficurn 9.—Values of x and y for samples of Munsell value 5/ for illuminants 
A; C, “DD, ana “8.” 


This graph shows the effect of illuminant on the location and shape of the Munsell network. 


V. COMPARISON WITH GLENN-KILLIAN DATA 


Differences between the methods used by Glenn and Killian and 
those used at the National Bureau of Standards are understood to be 
as follows: (1) The Glenn-Killian spectrophotometric data were ob- 
tained with samples backed by ‘a standard white substance,’ the 
National Bureau of Standards data with samples backed with black 
paper, (2) the calibration curves (see above) run on each sheet at the 
National Bureau of Standards were not used by Glenn and Killian, 
and (3) the Glenn-Killian colorimetric computations were made by 
the cclacton- avn method, the NBS data by the weighted-ordinate 
method. 

Spectrophotometric differences caused by the backing are illus- 
trated in figure 10, in which are shown the curves obtained on four 
Munsell samples, each sample being run first with white backing and 
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then with black backing. The spectral reflections of the backings 
used for figure 10 are shown in the figure. It will be noted that the 
effect of backing becomes appreciable at wavelengths greater than 
550 my approximately, if the values of apparent reflectance are greater 
than 0.60 or 0.65. (The slight separation of the curves for PBP 8/2 
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Ficure 10. 





Effect of backing on the spectral apparent reflectance of Munsell 
samples. 
The upper curve of each pair was obtained with the sample backed with a white paper (N 9.6/), the lower 
curve with the sample backed with a black paper (N1/). Note that no difference in curves caused by 
difference in backing is apparent for values of reflectance less than 0.6 or at the shorter wavelengths. 








Specification of Munsell Book of Color 73 


between 480 and 600 mz is not considered significant. It is probably 
caused by nonuniformity of the sample. Differences of this magni- 
tude can be obtained when a sample is rerun with the same backing 
if the sample and backing have been removed and reinserted between 
runs.) 

The effects of such spectrophotometric differences on the computed 
values of Y, x, and y are shown in table 3. Since these samples 
probably illustrate. the maximum effects to be expected from the 
two backings, it is apparent that the differences in color caused 
by measurement with white or with black backing are mostly 
unimportant. 

The use of calibration curves on each record sheet—those enabling 
corrections of wavelength errors, 100-percent and zero curve devia- 
tions, and aging of the MgO comparison surface, as used at the Na- 
tional Bureau of Standards—enables spectrophotometric data to be 
obtained with much less care and worry regarding certain details of 
operation than if these calibration curves were omitted. Omission of 
the curves makes it necessary for the operator to take great care, for 
example, in the insertion of the graph sheet in the instrument, in 
continually checking the wavelength calibration of the instrument, and 
in controlling or watching the graph paper for expansion or shrinkage 


| with change of humidity. A new MgO comparison surface must be 


prepared each day, and the question of reproducibility of such surfaces 
thus enters. The possibility of erratic differences in results between 
the two investigations is thus present, but since different actual 
samples were measured, no further conclusions can be reached regard- 
ing the erratic differences between the Glenn-Killian and the National 
Bureau of Standards data. 


TaBLE 3.—Effect of backing on colors of Munsell samples 
[Values are computed from the spectrophotometric curves shown in figure 10.] 








Values obtained with white backing minus 


Munsell sample values obtained with black backing 








AY At Ay 
a i +0. 0007 +0. 0010 —0. 0002 
| AES aye +. 0043 +. 0023 +. 0001 
| a aR re +. 00001 +. 00001 . 00000 
| aie RCe +. 0034 +. 0007 +. 0003 

















With respect to the differences between values of X, Y, Z, z, y, and z 


: resulting from differences in computational procedure—30 selected 


ordinates, as against weighted ordinates at every 10muz—it has been 
shown [21] that such differences are small for samples such as those 
considered here, much less than some of the differences shown. Only 
small and unimportant errors are therefore to be expected from this 
difference in computational procedure. 
Detailed comparison of the values of z and y obtained by Glenn and 
lian with those obtained at the National Bureau of Standards may 
be made by the inspection of figures 2 to 8 or by study of the published 
data. Only two additional points will be noted here. 
1. Certam consistent differences in the respective chromaticities are 
apparent when the (z, y)-data for certain groups of samples having the 
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same hue designations (figs. 2 to 8) are replotted in a single graph 
regardless of value level. This is particularly noticeable for the 
10 GY, GY, P, 10 RP, and R samples. However, although the maxi. 
mum (z, y)-difference* between the Glenn-Killian and the Nationa! 
Bureau of Standards data is Ar=0.0143 and Ay=0.0156, inspection 
of figures 2 to 8 shows that in the great majority of cases there is good 
agreement between the two sets of data. Further effort to resolve the 
differences would seem unwarranted. 

2. Differences in the average values of Y obtained in the two inyes. 
tigations are shown in table 4. The greatest differences are at the 
extremes. That for Munsell value 8/ may be caused partially by the 
differences in backing. That for Munsell value 2/ may indicate a real 
instrumental difference relating to the zero readings of the respective 
instruments; none of the 33 individual differences going into this aver. 
age is negative. While the individual differences on which the values 
of table 4 are based reached a maximum of 0.036 (sample P 7/2), the 
final average value of + 0.002 for all of the data is very small.! 














TABLE 4. 
Average differ- 
ences in Y, 
Glenn-Killian 
‘ values minus 
Munsell value National 
Bureau of 
Standards 
values 
ccigcddecneta tech Sicha ir uisaliined +0. 0031 
MEP eta th acl sale +. 0019 
_ SE LSE —. 0006 
ee TAS a +. 0018 
ee ee ieee +. 0020 
_ ET RE EER ne +. 0029 
RE BE PES ee +. 0039 
Average... 5. ciccc +0. 002 














VI. DERIVATION OF ISCC-NBS COLOR NAMES FROM 
ICI TRISTIMULUS DATA 


The Munsell notations for chroma and hue may be determined from 
figures 2 to 8 for any color whose chromaticity falls within these 
diagrams by plotting its trilinear coordinates on the appropriate value- 
level diagrams and estimating the relative position of this point with 
respect to the points representing the nearest samples of constant 
hue and the nearest lines of constant chroma. The Munsell value of 
the color is found by interpolation or extrapolation between the values 
of apparent reflectance (Y) of the Munsell standards for illuminant ( 
in table 2. By referring to the color-name charts in RP1239, the 
ISCC-NBS color name descriptive of that color will be found. Like- 
wise, in disk colorimetry [21], given percentages of a certain set of disks 
may be transformed into trilinear coordinates, plotted in a similar 
manner, and the corresponding color name found. Thus the ISCC- 

‘For YR2/2. Asis to be expected, the discrepancies in chromaticity are greatest at the lowest value level’ 
' Differences in Munsell value corresponding to the average differences in Y shown in table 4 are significant 
only at the lowest values. The difference, AY=0.0039, corresponds to AV=0.15 at value level 2. Its 
believed that the NBS data are more reliable than the Glenn-Killian data at these low-value levels. For the 
neutral samples N 1/, N 2/, and N $/, the Glenn-Killian values of Y are from 0.005 to 0.006 higher than the 


NBS values given in table 2. Independent check of these samples visually on the Priest-Lange reflectomett! 
gave values lower than the Glenn-Killian values by 0.004, and closely agreeing with the NBS data of table? 
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NBS color name for a color may be found by the use of any spectro- 
photometer or colorimeter [22, 23] whose resultant values may be 
transformed into data based on the ICI standard observer and coordi- 


al nate system. Likewise, any color system may be used as a compari- 
on son standard if the trilinear coordinates of each sample in that system 
od are plotted on the (z, y)-diagrams and the ISCC-NBS color name 
he determined through conversion to the Munsell notation. 
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THERMAL EXPANSION OF SOME INDUSTRIAL COPPER 
ALLOYS 


39), ; 
By Peter Hidnert and George Dickson 


rade 


ABSTRACT 


This paper gives data on the linear thermal expansion of some industrial copper- 
nickel, copper-nickel-aluminum, copper-nickel-tin, and miscellaneous copper 
alloys (copper-tin, copper-lead-antimony, copper-manganese-aluminum, copper- 
nickel-iron, copper-nickel-zine, copper-nickel-tin-lead, copper-nickel-zinc-iron, 
copper-tin-zine-lead, copper-zinc-aluminum-iron-manganese) for various temper- 
ature ranges between 20° and 900° C. The addition of 3 percent of nickel or 
the combined addition of 4.5 percent of nickel and 5 percent of aluminum to copper 
was found to have little effect on the linear thermal expansion. The effect of 
various treatments on these copper-nickel and copper-nickel-aluminum alloys 
was also small. The coefficients of expansion of two copper-nickel-tin alloys 
containing 20 and 29 percent of nickel were appreciably less than the coefficients 
of expansion of copper for temperature ranges between 20° and 600° C. Three 
copper alloys containing more than 28 percent of nickel showed the smallest 
coefficients of expansion of the miscellaneous alloys. The coefficients of expan- 
sion of the copper alloys reported in this paper were found to be between 
14.9X 10-® and 20.4 10-° per degree centigrade for the range from 20° to 100° C. 
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I. INTRODUCTION 


Data obtained between 1916 and 1943 on the linear thermal 
expansion of some industrial copper-nickel, copper-nickel-aluminum, 
copper-nickel-tin, and miscellaneous copper alloys, are presented 
in this paper. Coefficients of expansion during the heating and 
cooling of the samples are given for various temperature ranges be- 
tween 20° and 900° C. 


II. ALLOYS INVESTIGATED 


The samples of copper alloys were obtained from the American 
Brass Co., Waterbury, Conn., American Manganese Bronze Co., 
Holmesburg, Philadelphia, Pa., Aterite Co., Inc., New York, N. Y., 
Bunting Brass & Bronze Co., Toledo, Ohio, Crane Co., Chicago, 
Ill., Curtis Bay Copper & Iron Works, South Baltimore, Md., 
National Bureau of Standards, Scovill Mfg. Co., Waterbury, Conn., 
Stewart Mfg. Corp., Chicago, Ill., and the U. S. Shipping Board. 
The length of each sample used in the determinations of linear thermal 
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expansion was 300 mm (11.8 in.). The cross sections of the samples 
their treatments, and chemical compositions are given in table 1. 
Most of the values for chemical composition were furnished by the 
manufacturers. 


III. APPARATUS 


The types of precision micrometric thermal-expansion apparatus 
described by Souder and Hidnert [1]! were used for the determins- 
tions of the linear thermal expansion of the copper alloys. 


IV. RESULTS AND DISCUSSION 


Expansion curves on heating and on cooling were plotted from the 
observations made on the samples of copper-nickel, copper-nick¢l- 
aluminum, copper-nickel-tin, and miscellaneous copper alloys at 
various temperatures between 20° and 900° C. Coefficients of 
expansion and coefficients of contraction were obtained from these 
curves and are given in table 1. This table also shows, for most of 
the samples, the permanent changes in length that occurred as a 
result of the heating and cooling in the thermal-expansion tests. 

The data on samples 1493 and 1493(a), and samples 1494 and 
1494(a) indicate that the coefficients of expansion on a second heat- 
ing are nearly the same as the coefficients of contraction during the 
previous cooling. From these data and previous experience it is 
believed that similar results will be obtained for most of the other 
copper alloys on a second heating. The coefficients obtained during 
the first cooling from the maximum temperature to 20° C may there- 
fore be used for repeated heating and cooling through this tempera- 
ture range. However, if an alloy is repeatedly heated to only 
moderate temperature, the coefficients of expansion during the first 
heating should be used. 

Most of the coefficients of expansion of the samples of copper-nickel 
alloys and copper-nickel-aluminum alloys are in close agreement with 
the coefficients of expansion ? of copper reported by Hidnert [5] and 
Esser and Eusterbrock [6]. The average deviation of the coefficients 
of expansion from the corresponding coefficients of expansion of copper 
is +0.210-*. These aie indicate that the addition of 3 percent 
of nickel or the combined addition of 4.5 percent of nickel and 5 per- 
cent of aluminum to copper has little effect on the linear thermal ex 
pansion between 20° and 800° C. The linear thermal expansion is 
affected only slightly by the treatments of the copper-nickel and 
copper-nickel-aluminum alloys, even though the mechanical proper 
ties of these alloys differed significantly. 

Johansson [7], Krupkowski [8], and Aoyama and Ito [9] determined 
coefficients of linear thermal expansion of copper-nickel alloys for 
several temperature ranges between —253° and +444° C. They 
found that the addition of nickel lowered the coefficients of expansion. 
For the range 18° to 444° C., Krupkowski [8] reported that the co 
efficient of expansion decreased slowly from 18.110~*° per degree 
centigrade for 0 percent of nickel to 15.1 10~® per degree centigrade 
for 100-percent nickel. This corresponds to an average decrease of 
0.03 10~* in the coefficient of expansion of copper-nickel alloys for 
a change of 1 percent of nickel for the temperature range indicated. 


i rsa in brackets indicate the literature references at the end of this paper. 
4 Given for reference, in last line of table 1. 
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The coefficients of expansion of the copper-nickel alloys of the present 
investigation are in good agreement with comparable coefficients of 
expansion obtained by these observers. 

The coefficients of expansion of the two copper-nickel-tin alloys 
containing 20 and 29 percent of nickel are appreciably less than the 
coefficients of expansion of copper for temperature ranges between 
20° and 600° C. For the range 20° to 900° C the coefficient of expan- 
sion of the copper-nickel-tin alloy containing 20 percent of nickel is 
about 16 percent higher than the coefficient of expansion of copper, 

The substitution of 5 percent of zinc and 5 percent of lead for 10 
percent of tin in the bronze containing 15 percent of tin caused slight 
changes in the coefficients of expansion. The three miscellaneous 
alloys (samples 1026, 682, and 621) containing more than 28 percent 
of nickel show the smallest coefficients of expansion of this group in 
table 1. The coefficients of expansion (or contraction) of samples 
1073, 897, 897(a), and 934, which do not contain nickel, are the 
largest of the alloys investigated. The coefficients of the latter four 
samples exceed the coefficients of expansion of copper, and the co- 
efficients of expansion of the former three alloys are less than the 
coefficients of expansion of copper. The coefficients of expansion of 
samples 683, 280, and 281 are larger than the corresponding coefficients 
. expansion reported by Cook [10] for annealed copper-nickel-zinc 
alloys. 

Date on the linear thermal expansion of other copper alloys investi- 
gated at the National Bureau of Standards have been publisned in con 
previous papers [5, 11, 12, 13, 14]. 
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OPTICAL ROTATION AND ATOMIC DIMENSION: THE 
FOUR OPTICALLY ACTIVE 2-HALOGENOPENTANES 


By Dirk H. Brauns 


ABSTRACT 


In previous articles by the author it is suggested that certain optically active 
halogen derivatives may be divided into two classes. The first class has the 
halogen directly attached to an asymmetric carbon atom. For these substances 
the writer has formulated the rule that the differences of their specific rotations, 
(Cl-F),(Br-Cl) and (I-Br), have the same numerical relation as the respective 
differences of the radii of the covalent-bonded atoms (41:17:21). The second 
class of optically active halogen derivatives has the halogen attached indirectly 
(by a chain of atoms) to an asymmetric carbon atom. For these latter substances 
the rule was formulated that the differences of their molecular rotations have a 
numerical relation, which likewise agrees with that for the respective differences 
of the radii of the neutral halogen atoms. 

As these rules were established for halogen derivatives of carbohydrates, which 
contain several asymmetric carbon atoms, it was found desirable to investigate 
halogen derivatives, which contain only one asymmetric carbon. The results of 
the last investigation (see footnote 1) showed that the derivatives of the amyl 
alcohol, 2-methylbutanol-1, checked the above rule for the second class very well. 
The present communication reports the results obtained in checking the above 
rule for the first class, with the halogen derivatives of the other active amyl 
alcohol, pentanol-2. Pure optically active D- and L-pentanol-2 were prepared 
and halogenated by different methods in order to obtain the 2-fluoro-, 2-chloro-, 
2-bromo- and 2-iodopentanes of highest rotation. 

In spite of the difficulty that a partial inversion takes place in the halogenation, 
resulting in a mixture of D and L halogen derivative, the conclusion can be drawn 
that rule I is not contradicted by the values found, since the deviations can be 
plausibly explained by the incompleteness of the Walden inversion. Rule II 
should not be applicable to this type of compound, and the results confirm this. 

It is further shown that all halogen derivatives of pentanol-2 of like configuration 
have the same sign of optical rotation. The specific gravity, refractive index, 
and boiling points at various pressures were also determined. 
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I. INTRODUCTION 


It is suggested in the writer’s previous articles on this subject '!? 
that certain halogen derivatives may be divided into two classes, 
The compounds which compose the first class have the halogen directly 
attached to an asymmetric carbon atom and differ only in having 
one halogen replaced by another. For these D (or L)* substances the 
differences of their specific rotations (CI-F), (Br-Cl), and _ (I-Br) 
have the numerical relation 41:17:21, which agrees with the numer- 
cal relation 41:17:21* for the differences in atomic radii of the re- 
spective neutral or nonionized or covalent halogen atoms (rule J), 
Those in the second class have the halogen atom attached indirectly 
(by a chain of atoms) to an asymmetric carbon atom. For these latter 
D or L substances the differences of their molecular rotations have a 
numerical relation, which likewise agrees with that for the differences 
in atomic radii of the respective covalent-bonded halogen atoms 
(rule II). 

These two rules for the two classes of compounds were formulated by 
the investigation of halogen derivatives of the carbohydrates. Inas- 
much as these halogen derivatives contain several asymmetric car- 
bons, it was found desirable to prepare and test the halogen deriva- 
tives of the two active amyl alcohols, 2-methylbutanol-1 and penta- 
nol-2, since these compounds are simple in structure and contain only 
one asymmetric carbon atom. 

The results of an investigation (see footnote 1) of the pure active 
halogen derivatives of 2-methylbutanol-1, in which the halogens ar 
indirectly attached to the asymmetric carbon, showed that the 
differences of the molecular rotations have a numerical relation which 
agrees with that for the differences in atomic radii of the respective 
neutral halogen atoms as required by rule II. 

The present paper reports the results obtained with the active 
halogen derivatives of pentanol-2, for which compounds rule I should 
be applicable, since the halogen is directly attached to the asymmetri( 
carbon atom. 


II. EXPERIMENTAL PART OF INVESTIGATION 
1. PREPARATION OF THE COMPOUNDS 
(a) DEXTRO- AND LEVOROTATORY PENTANOL-2 (METHYLPROPYLCARBINOL) 


Four and a half kilograms of inactive pentanol-2 (methylpropy! 
carbinol) was prepared from propyl bromide and_acetaldehytt 
according to the Grignard method ° in batches that could be worked 
in 2-liter flasks. The. preparation was kept for a few months ove 

1J. Research NBS 18, 315 (1937) RP978. 
?J. Am. Chem. Soc. 47, 1285 (1925); BS J. Research 7, 573 (1931) RP358, 
3 D and L refer to configuration. 


‘ For a discussion of the values used, see section III, p. 98. 
'R. H. Pickard and J. Kenyon, J. Chem. Soc. 99, 55 (1911). 
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dry potassium carbonate, for resinifying small amounts of aldehyde, 
which is hard to separate by fractionation. The preparation then 
gave directly on distillation a product having the correct boiling 
point. The yield was about 40 percent of the theoretical amount. 
In the course of the investigation there were prepared from the inac- 
tive alcohol 1,200 g of pure dextrorotatory and 600 g of pure levoro- 
tatory alcohol in batches of about 200 to 300 g. This large amount 
of active alcohol. requiring more than 2 years of fractional recrystal- 
lization of the brucine salt of the acid phthalate of methylpropyl- 
carbinol, was needed because it was necessary to determine which 
method of halogenation causes the least racemization. 

The remaining part of the inactive alcohol was used for certain pre- 
liminary experiments. The pure active alcohol is stable, although 
some of the preparations, even when stored ‘n the refrigerator, 
diminished slightly in rotation (less than 0.4% in 1 year), but this 
change mav be due to the presence of small amounts of water, which 
are difficult to remove. 

The resolution to the active dextro- and levorotatory alcohols was 
performed according to the method of Pickard and Kenyon (see 
footnote 5), which consists of the fractional crystallization of the 
isomeric brucine amyl phthalates. Although the directions given by 
the authors were found to be reliable, the writer has made the two 
improvements mentioned below. 

1. It is advantageous for increasing the yield and decreasing the 
time of reaction to use for the esterification of the alcohol pure, 
freshly distilled phthalic anhydride free from phthalic acid. 

2. The following procedure has been found useful for evaluating 
the numerous fractions of the brucine amyl phthalate used for separ- 
rating the D and L forms of the alcohol. 

As soon as the crystals of a fraction are separated from the mother 
liquor, a sample of about 1 g is crushed in a dish with a small glass 
pestle and allowed to dry for 30 minutes in air, with occasional stir- 
ring. A solution containing exactly 0.6 g of this sample is made up 
to 25 ml at 20° C with chloroform, placed in a water-jacketed 4-dm 
tube at 20° C, and read with a polariscope. The reading varies for the 
fractions from —1.38 circular degrees for the pure compound of the 
D alcohol to —2.41 circular degrees for the pure compound of the Z 
alcohol. This relatively small difference in rotation is nevertheless a 
great help in estimating the extent of separation of the fractions. 
For obtaining these results it is necessary to maintain uniform condi- 
tions not only as to concentration and temperature (since the rotation 
of the brucine salts is greatly influenced by these factors) but also as 
to the time ysed for powdering and drying the sample. The method 
of drying is of importance because it was found that the brucine salts 
crystallize with varying amounts of acetone of crystallization, and 
part of this is readily volatilized. 

An investigation of the brucine amyl phthalates has revealed that 
the pure brucine salt of the acid phthalic ester of dextrorotatory 
methylpropylearbinol crystallyzes with 2 molecules of acetone when 
a Warm acetone solution is cooled. By longer standing of the mother 
liquor at room temperature, crystals with 1 molecule of acetone to 
2 molecules of brucine salt may separate, whereas the mother liquor 
in the refrigerator may again yield the compound with 2 molecules of 
538830—43-—-8 
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acetone. When 0.6 g of the freshly prepared compound with 2 mole. 
cules of acetone, C3sHyO,;N2.+2(C;H,O), is freed from acetone by 
drying to constant weight in a vacuum oven at 75° C and made up to 
25 ml at 20° C with chloroform, it has a specific rotation of —17.5° 
expressed on the acetone-free basis. The compound with 2 molecules 
of acetone loses 1 molecule of acetone easily in air; the other molecule 
is lost by standing in vacuum at room temperature for several weeks 
or more quickly in a vacuum oven at 75° al ) 

Usually, the pure brucine salt of the acid phthalic ester of the leyo. 
rotatory methylpropylearbinol crystallizes from a warm acetone solv- 
tion by cooling, with less than 2 molecules of acetone. The results of 
the quantitative determinations for different samples vary, and hence 
no definite conclusion as to the composition can be drawn. It was 
also found for the compound of the levorotatory alcohol that 1 mole- 
cule of acetone is strongly bound, but is lost by drying in a vacuum 
oven at 75° C. When 0.6 g of the pure brucine salt containing the 
levorotatory alcohol is freed from acetone by drying in a vacuum oven 
at 75° C, and made up to 25 ml at 20° C with chloroform, it has a 
specific rotation of —25.9°, expressed on the acetone-free basis, 
These results were obtained as an average of many determinations, 
The existence of these acetone compounds explains why the uniform 
procedure is necessary for the polariscopic evaluation of the acetone- 
containing brucine salts. Only 1 molecule of acetone of crystalliza- 
tion is left after powdering and drying the substance in air for 30 
minutes. The method described is sufficiently accurate for the eval- 
uations of the fractions. 

The writer’s results are in accord with those of Pickard and Ken- 
yon,® with the exception of the rotation of the hydrogen phthalic 
ester of dextrorotatory methylpropylearbinol, concerning which 
Pickard and Kenyon made the following remark: 

Determinations of the molecular rotatory powers of the hydrogen phthalic 
esters in chloroform solution gave results which run practically parallel with 
those of the alcohols in the pure state, although in the case of the esters the 
first member occupies apparently a normal place in the series and has not, as 
in the case of the alcohols (as also in so many series described by other inves 
tigators) an abnormal rotatory power. 

If the values for the specific and the molecular rotations of the 
hydrogen phthalic ester of dextrorotatory methylpropylcarbinol: 
[a]p>= +36.94 and [M],=+87.2 given by Pickard and Kenyon are 
replaced by [a]p>=+43.05 and [M]p=+101.6, which were found 
by the author for the concentration and in the same solvent as used 
by Pickard and Kenyon, and checked many times in the course o/ 
this investigation, it is readily seen (table 1) that now also for the 
hydrogen phthalic esters, the first member occupies an abnormal 
place in the series just as in the case of the alcohols. 

Since the melting point of the ester agrees with that reported by 
Pickard and Kenyon, it seems that the difference im the optical 
rotations must be due to an error in the measurement of the optical 


rotation. 
(b) DEXTROROTATORY 2-FLUOROPENTANE 


In the preparation of 2-fluoropentane, the method previously used 
for preparing 1-fluoro-2-methylbutane (see footnote 1) by the action 





¢R. H. Pickard and J. Kenyon, J. Chem. Soc. 99, 52 (1911). 
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TaBLE 1—Comparison of rotations of a homologous series of hydrogen phthalates 
of active alcohols 







































Rotation in chloroform (5%). Average values 
[a]p [M]p 
Hydrogen phthalate of— 
Pickard Pickard 
and Brauns and Brauns 
Kenyon Kenyon 
| 
Methylethylearbinol___._. Bye 3 0 Ek Saeeee ee 
Methylpropylearbinol__-.____--- 36. 94 ® 43.05 87.2 101.7 
Methyl n-butylearbinol.-_-_____- Pe eae 2 ae 
Methyl n-amylearbinol_-______.- 2 | ars i =e 
Methyl n-hexylearbinol____.-..- a 119.3 
Methy!] n-heptylearbinol________- >) See a 
Methyl n-octylearbinol___..__._- 2 eee 119.5 
Methyl n-nonylearbinol_________- 5 gt SEES Ly ee 
Methyl n-decylearbinol_______-- 3 5a ARS b 121.0 119.0 
Methyl n-undecylearbinol_--.___- _ * 2 ee SS eee 





*The constants of optically active pentanol-2 and its halogen derivatives of highest pumity prepared 
for this investigation are recorded in tables 2 and 3. 
> Error in calculation, corrected in next column, 


of silver fluoride on the corresponding bromine derivative was im- 
proved by following a modification by Bockemueller,’? who employed 
finely divided silver fluoride mixed with pure calcium fluoride. A 
short description of the preparation of the reagent follows. Pure 
calcium fluoride free from silica was prepared by the addition of a 
hot solution of calcium chloride-to pure hydrofluoric acid solution in 
a platinum dish; the precipitated calcium fluoride was separated by 
decantation, collected on a filter and washed with water until free 
from chloride. A concentrated silver fluoride solution was prepared 
by dissolving silver carbonate in pure aqueous hydrofluoric acid in a 
platinum dish. The calcium fluoride was added to the silver fluoride 
solution in the proportions of 3 to 2, and the mixture was dried in a 
shallow platinum dish suspended by platinum wires from the stopper 
of the cover of a large paraffined desiccator provided with potassium 
hydroxide pellets. The desiccator was evacuated at first with a water 
pump and after a few days with an efficient oil pump protected by a 
soda-lime tower. 

From time to time the material was stirred and finally powdered 
with a platinum pestle. The preparation was made in subdued light 
and kept in the dark. This procedure differs from the one given by 
Bockemueller, in that no heat was applied for drying the material. 
_The following method was used for preparing the fluorine deriva- 
tive: Thirty grams of 2-bromopentane having a specific rotation of 
—35.9 (which is 99% of that of the highest-rotating 2-bromopentane, 
with [o|’’-—36.2) was mixed with 90 ml of pure dry acetonitrile. 
A 250-ml platinum bottle containing 75 g of the silver fluoride-calcium 
fluoride mixture was closed with a rubber stopper and cooled in ice 
water. The solution of 2-bromopentane in acetonitrile was quickly 
added, and the tightly closed bottle (inserted in a Thermos bottle 
containing cold water) was shaken for 22 days. The temperature of 
the water was kept at 5° to 15°C. Three portions, 3 g each, of the 
silver fluoride-calcium fluoride mixture were added at about equal 


—— 
’W. Bockemueller, Liebigs Ann, Chem. 506, 20 (1933). 
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intervals during the period of the shaking. Also the rotation of 
small filtered sample was determined in a 0.2-dm tube at these inter. 
vals in order to determine the end of the reaction. When the end 
was reached, the mixture was filtered on a fritted-glass disk and the 
flask cooled with ice water. 

After removing the filtrate, a slight suction (600-mm_ pressure) 
was applied for washing with acetonitrile. About 80 ml of solution 
rotating +0.65 sugar degrees (°S) in a 0.2-dm tube was thus obtained, 
The filtrate was then distilled in a platinum distilling apparatus. The 
retort was heated gradually in an oil bath to 120° C, and the condenser 
and receiver were cooled with ice water. The distillate was kept 
overnight in contact with potassium carbonate in the icebox and then 
filtered. The filtrate was distilled and then fractionated at ordinary 
pressure from a Pyrex fractionating column, which has been formerly 
described. (See footnote 1.) The condenser and receiver were cooled 
with ice water. Finally, a microfractionating column with fine plati- 
num-ruthenium spirals was used. For prev renting bumping, a slow 
stream of dry nitrogen was introduced through a fine capillary, 
This procedure was applied for the fractionation of all halogen 
derivatives. 2-Fluoropentane can be distilled at ordinary pressure 
without decomposition. The yield was about 3 g. The constants are 
recorded in tables 2 and 3. The quantitative fluorine determination 
was performed according to a new procedure.’ Weight of substance: 
0.1104 g; loss by etching: 0.0221 g; calculated for C;H,,F: F, 21.09 
percent; found: 21.1 percent. 


(c) LEVOROTATORY 2-CHLOROPENTANE 


Miss Sherrill® applied a method of low-temperature chlorination for 
inactive secondary heptylalcohol, which is an adaptation of the method 
of Norris and Taylor ' modified by Lucas." 

Following this procedure, 20 g of active methylpropylcarbinol 
(lal? = +13.8) was added to an ice-cold solution of 62 g of zinc chloride 
in 46 g of 36-percent hydrochloric acid in a 300-ml Erlenmeyer flask. 
The flask was closed with a glass stopper and shaken for 7 hours at 
0° C. The oily layer was separated after standing overnight in a 
separatory funnel, and shaken with a new solution of 62 g of zinc 
chloride in 46 g of 36-percent hydrochloric acid for 7 hours at 0° C. 
After separating the oily layer, the process was repeated for a third 
time. The oily layer was washed three times with concentrated 
hydrochloric acid, afterward four times with ice-cold water, once with 
ice-cold 10- -percent sodium hydroxide solution, twice with cold 15- 
percent sodium chloride solution, and finally washed once with cold 
water. The product was dried over a mixture of calcium chloride and 
potassium carbonate, filtered, distilled, and finally fractionated at 4 
pressure of 250 mm. ‘About 17 gofac hlorine derivative was obtained. 

A. quantitative chlorine determination by the Carius method gave 
the following results: Substance, 0.2260 ¢; AgCl, 0.3034¢. Calculated 
for CHCl: Cl, 33.28. Found: Cl, 33.21 percent. The rotation of 
the product in a 0.2 dm-tube at 20° C was -3.0° S, which is very 
low compared with the rotation of the product obtained by the follow- 
~*D. HB. Breans, J. Research NBS 27, 105 (1941) RP 1406, 

* Mary L. Sherrill, J. Am. Chem. Soe. 52, 1985 (1939). 


10 J. F. Norris and H. B. Taylor, J. Am. Chem. Soc. 46, 753 (1924), 
1H. J. Lucas, J. Am. Chem. Soe. 51, 249 (1929). 
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ing method of chlorination. Inasmuch as zinc chloride acts not only 
as a catalyst but as a dehydrating agent, it leads to the formation of 
amylenes, which in turn combine with hydrogen chloride with the 
formation of isomeric chlorine derivatives. 

The second procedure for converting active pentanol-2 to its chlorine 
derivative by the use of dry hydrogen chloride without zinc chloride 
gives better results. It was found that hydrogen chloride reacts with 
the alcohol at a temperature of 75° to 80° C, and thus it is necessary 
to seal the reaction tube to prevent loss. These preliminary experi- 
ments were made with inactive methylpropylcarbinol. Subsequently, 
experiments with the active alcohol were made for finding the condi- 
tions under which the highest-rotating chlorine derivative is formed. 
The following procedure was finally adopted: 

Twenty grams of active methylpropylearbinol ([a]J?=-+13.8) was 
cooled in a Pyrex pressure tube with ice and salt, and saturated with a 
slow stream of dry hydrogen chloride. The tube was sealed and heated 
gradually to 80° C in a shaking machine and kept at this tempera- 
ture with shaking for 2.5 hours. The tube was then cooled, opened, 
and the upper layer separated from the aqueous layer in a separatory 
funnel. ‘The upper layer was extracted twice with 8 ml of cold 10- 
percent sodium hydroxide solution, and then repeatedly with ice 
water. The product was separated from adhering drops of water, 
by pouring into a dry Erlenmeyer flask and decanting therefrom, 
after which it was dried over potassium carbonate for several hours 
and then filtered. The filtrate was first distilled and then fractionated 
at 250-mm pressure. The rotation of the product was not changed 
by additional fractionation. The preparation was repeated with 
another 20 g of active alcohol for obtaining a sufficient amount 
of chlorine derivatives. The total yield was 7 g. A quantitative 
chlorine determination by the Carius method gave the following re- 
sults: Substance, 0.2071 g; AgCl, 0.2771 g. Calculated for C;H,,Cl: 
Cl, 33.28. Found: Cl, 33.10 percent. The rotation of the product ina 
0.2-dm tube at 20° C was -15.2° S, which is about five times that found 
for the product obtained by the zine chloride-hydrogen chloride method 
of chlorination. 

Chlorination with thionyl chloride and with phosphorus penta- 
chloride did not give satisfactory results, whereas the chlorination 
with phosphorus trichloride gave the highest-rotating product. The 
last method was studied as before, first with inactive methylpropyl- 
carbinol, and finally with the active alcohol. Thus it was found that 
heating the alcohol with phosphorus trichloride at 95° C is necessary 


| for obtaining a sufficient rate of reaction. The following method 


was finally adopted. 

Twenty grams of active methylpropylearbinol ([a]??—=-+13.6) was 
cooled in a Pyrex pressure tube with ice water, and 18.9 g (12 ml) 
of phosphorus trichloride was added drop by drop from a small 
burette; calcium chloride tubes were used for excluding moisture. 

he pressure tube was closed with a calcium chloride tube and 
allowed to attain room temperature. It was sealed, shaken for 2.5 
hours at 95°C, then cooled in ice and salt, and opened. The 
chlorinated product was poured from the sirupy phosphorous acid 
into a beaker of cracked ice and some water, under stirring. The 
product was repeatedly shaken with small portions of ice water in a 
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separatory funnel until the water was neutral to litmus paper. The 
product was separated from adhering drops of water, and dried over 
potassium carbonate. The ice water used for the purification wag 
extracted with ether. The ether solution was dried and fractionated, 
and the yield of the alcohol was thus increased to about 17 g. 

Since the chlorine derivative thus obtained had a higher specific 
rotation than the product of any other method of chlorination, 170 
g of active alcohol in 30-g batches was converted by this method to 
the chlorine derivative. The crude product after distillation rotated 
in a 0.2-dm tube at 20° C about —13.6° S. The fractionations were 
carried out in a fractionating column similar to the one previously 
described (see footnote 1). The column, 10 mm in diameter and 900 
mm in length, containing glass helices 0.65 mm thick and 4.5 mm in 
diameter, is equivalent to a column of 22 theoretical plates.” The 
fractionations were carried out at 250-mm pressure. The capillary 
was supplied with dry nitrogen, and the condenser and receiver were 
cooled with ice water. Fractions were taken regularly from the 
slow fractionations, and the optical rotations were read in a 0.2-dm 
tube. The final product, which had a constant rotation on fractiona- 
tion (—17.5°S. in a 0.2-dm tube at 20°C) was obtained after 4 


months of fractionation. A quantitative chlorine determination by | 


the Carius method gave the following results: Substance, 0.1915 g: 
AgCl, 0.2581 g. Calculated for C;H,,Cl: Cl, 33.28. Found: Cl, 
33.24 percent. The constants for the highest-rotating 2-chloropentane 
are recorded in tables 2 and 3. 


(d) LEVOROTATORY 2-BROMOPENTANE 


Two methods of bromination (with hydrobromic acid and with 
phosphorus tribromide) were studied. The bromination with hydr- 
bromic acid was performed according to the procedure described for 
the preparation of the bromide derivative of the primary amy! 
alcohol (see footnote 1). 

Forty grams of active methylpropylcarbinol ([a]?%? =-+13.8) was 
saturated at 0° C with hydrogen bromide in a double flask. The 
solution was heated under reflux for 2 hours. The temperature was 
maintained at 70° C except for the last quarter hour, when it was 
allowed to rise to 85° C. The reaction product was worked up 
and dried as described for the bromination of the primary alcohol. 
The preparation was repeated for two other 40-g¢ batches of active 
methylpropylearbinol. The combined preparations were dried with 
potassium carbonate and distilled at 150-mm pressure to remove 
small amounts of the dissolved drying agent. The yield was 180 ¢, 
or 88 percent of the theoretical amount. The product was then 
carefully fractionated at 150-mm pressure in the column of 22 theo 
retical plates. A quantitative bromine determination by the Carus 
method on the highest-rotating fraction gave the following results 
Substance, 0.2282 g: AgBr, 0.2848 g. Calculated for C;HiBr: Br, 
52.95. Found: Br, 53.16 percent. The rotation of the product 
in a 0.2-dm tube at 20° C was —22.7° S. 

The bromination with phosphorus tribromide was studied unde 
various conditions with 10-g batches of active alcohol. The ‘0: 
lowing method was adopted: Forty grams of active methylpropy!- 


2 F, C. Whitmore, et al., J. Am. Chem. Soc. 62, 797 (1940). 
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carbinol ({a] 3=-+13.6) was cooled in ice in a flask provided with a 
calcium chloride tube. The flask was also connected with a burette 
containing 60.8 g of redistilled phosphorus tribromide, which was 
protected by a calcium chloride tube. The phosphorus tribromide 
was added slowly drop by drop to the cooled methy!propylcarbinol, 
and the flask was occasionally rotated. The mixture was allowed 
to stand at room temperature overnight, and the next morning it 
was heated for three quarters of an hour on the steam bath. ‘The 
preparation was then cooled in an ice and salt mixture. The super- 
natant liquid was decanted from the sirupy phosphorus derivatives 
into a mixture of ice and water, under stirring. The oily bromine 
derivative, which separated from the ice water, was shaken repeatedly 
in a separatory funnel with small amounts of ice water until the wash 
water was neutral to litmus paper. A centrifuge was helpful for 
separating the product from the wash water. The preparation was 
separated from the adhering water and then dried over potassium 
carbonate. The dry preparation on distillation gave 63 g of product, 
or 92 percent of the theoretical amount. 

The preparation was repeated several times, to yield 300 g of impure 
bromine derivative ranging from —22.3 to —23.0° S in a 0.2-dm tube 
at 20° C. This product was purified by fractional distillation at 110- 
mm pressure until it exhibited no increase in rotation on further frac- 
tionation. The rotation of the pure product in a 0.2-dm tube at 20° 
C was —25.3° S, which is appreciably higher than the rotation of the 
bromine derivative made with hydrobromic acid. A quantitative 
bromine determination by the Carius method gave the following 
results: Substance, 0.2607g: AgBr, 0.3251g. Calculated for C;H,,Br: 
Br, 52.92. Found: Br, 53.07 percent. The constants found for the 
highest-rotating 2-bromopentane are recorded in tables 2 and 3. 


(ec) LEVOROTATORY 2-IODOPENTANE 


The preparation of this compound was studied by two methods: 
The first method was by the action of hydriodic acid, and the second 
was by action of phosphorus triiodide on the alcohol. 

The first method was performed according to the procedure de- 
scribed for the preparation of the iodine derivative of the primary 
amyl alcohol (see footnote 1) with 40 g of active methylpropylearbinol 
(le3=+13.8). The yield of the product distilled at 50-mm pressure 
was 80 g or 89 percent of the theoretical amount. The yield of three 
40-¢ batches was combined and carefully fractionated at 50-mm 
pressure. The rotation of the fraction, which did not change on fur- 
ther fractionation, was —34.4° S in a 0.2-dm tube at 20° C. A 
quantitative iodine determination on this fraction by the Carius 
method gave the following results: Substance, 0.1647g: AgI, 0.1956g. 
Calculated for C;HyI: I, 64.09. Found: I, 64.19 percent. 

The second method was applied in the following way: Ten grams 
of active methylpropylearbino) ({e] 22 =+13.6) was introduced in a 
flask provided with a calcium chloride tube and condenser, and the 
flask was cooled in ice water. Forty-five grams of phosphorus tri- 
iodide of pea size, weighed off in a weighing bottle, was added to the 
alcohol and another 10 g of active methylpropylcarbinol was added 
for rinsing down the phosphorus triiodide adhering to the neck of the 
flask. The ice-cold mixture was gradually heated to room tempera- 
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ture and then heated slowly on the steam bath until all phosphors 
triiodide was dissolved to form a colored solution, which required about 
half an hour. 

The warm solution was poured on a mixture of water and cracked 
ice under stirring, and purified and dried as described for the first 
method. The yield of the distilled product was about 89 percent of 
the theoretical amount. Three months of careful fractional distill. 
tion at 50-mm. pressure gave a sufficient amount of the final product, 
The rotation of this fraction, which did not change on further fraction. 
tion, was —34.5° S in a 0.2-dm tube at 20°C. This rotation is some. 
what higher than that of the final product from the first method, 
even though a higher-rotating alcohol was used in the preparation by 
the first method. Thus the second method seems to be preferable. 4 
quantative iodine determination by the Carius method gave the fol- 
lowing results: Substance, 0.1739¢: AgI, 0.2067g. Calculated for 
C;H,,I: I, 64.09. Found I, 64.25 percent. The constants found for 
the highest-rotating 2-iodopentane are recorded in tables 2 and 3. 


2. PROPERTIES OF COMPOUNDS 
(a) OPTICAL ROTATION 


The optical rotation was determined with a polariscope with a 
circular scale and double-field Lippich polarizer. Jacketed glass 
olariscope tubes were used. These were checked for the recorded 
Lenth. For each compound investigated the rotation was determined 
for the two wave lengths 5892.5 and 5461 A on the circular-scale 


polariscope, using spectrally purified light from a sodium-vapor lamp 
and a mercury-vapor lamp, respectively. <A third determination was 
made with the same sample and tube in the Bates saccharimeter, 
using white light and a bichromate filter, which give an effective wave- 
length of about 5850 A. These data are given in table 2, together 
with values reported by Pickard and Kenyon. 


(b) SPECIFIC GRAVITY 


Picnometers similar to those previously described (see footnote 1) 
were used for determining the specific gravity of the substances at 
20° C. and a formula was applied for obtaining the specific gravity 
at 20°/4° in vacuum. 


(c) REFRACTIVE INDEX 


The values of the refractive index of the substances were determined 
at 20° C. with an Abbe refractometer. These data, together with 
calculated values of the molecular refraction, are given in table 2. 
A comparison of the refractivities of pentanol-2 and its halogen 
derivatives with the refractivities of 2-methylbutanol-1 and its halogen 
derivatives is given in table 6. 





amension 


Q 
Q 
*~ 
S 
S 
~ 
xq 
8 
= 
SS 
= 
S 
S 
S 
~~ 
3 
Re 
SS 
3 
B..*) 
Bes 
&, 
a) 


“dOAUDY PUB PIBAII q 
*s10j9MI1V9Ep UI 7 9qN4 JO 44ZUN’] « 





8LP ‘SE 
LOT ‘& 
Tet “0€ 
ZE0 “SS 
FOL “92 


9TT8 ‘04 


a 
St ‘lLE+= en q 


° = 0 
OL eI+= [7] q 


126 ‘6&+ 
O61 ‘98+ 
| G20 FE+ 
| 129°91+ 
106 “€I+ 


S10 ‘Sh+ 
TOI “$+ 
Ol e+ eZe OF+ 
6991+ | zo 61+ 
086 ‘g1+ Tre ‘91+ 


28 “6¢+ 
bE 9+ 


| 
| 
| 
| 





(arp Z 0) 
L1b ¢I+ 
(up Z‘0) 


(mp 2 ‘0) 
96 ‘TI+ 
(uIp Z ‘0) 
GL°8+ 
(uIp Z ‘0) 
#6 °¢ 

(uIp Z 0) 
c6¢ Z 
(wp T) 
062 “II+ 


(wy 
1F0 ‘€+ 
(UIp 1) 

| 88% “€I+ 


(up Z 0) 
686 ‘II+ 
(uy 
612 


68S ‘4 
| (WIp)s 
| 196 11+ 


euByuedopor-z £10784 0101} xX9(T 
eusyuedomoiq-Z A10}840101}x9q, 
euvyuedolo[yo-Z A10}Bj0101}x9q, 
euvjuedolong-Z 410384J01013x9q7 


Z-[Ouvjued £1048}01014x9C7 





P(Z+u) 
(—a) 
‘m01]0BIJO1 
IB[NdIjOW 





TC, $10}83 


02 

-}]S0AU] 
‘xopul ‘eyo. 
eal} 


‘ova ’p 
£q P 08 
-OBIJOY 











$103 831}S9AUT 
Jayj0 Aq 
10138401 OyOedg 


J9Iy pus V 19%9 


V 92689 
WZ OVA X xX 


197[y pus | 


V 19%S 


jFQSI1 OFT AA] X 








—10} D .0°0S 38 101}8}01 DgIOedg 
PI 
‘ > 


—J10} ‘m ‘U01}B101 PAAIOSqO 








APATPBVIJOY 


AYAvIZ oypods 


013801 [BOIIdGO 








u021}0}04 ysaybry fo sapizDYy $21 pund g-JOUD}Uad fi10}Dj]0104} Lap 


fo U01)2DifaL PUD 


‘fizrapaB 


ofivads ‘uo1zp}04 Joo1JdQO—Z ATAV]L 


gousysqng 











94 Journal of Research of the National Bureau of Standards 
(4) BOILING POINTS AT VARIOUS PRESSURES 


A Cottrell-Washburn boiling-point apparatus was used with some 
modifications, as described in the former publication (see footnote 1), 
Calibration corrections were applied to the thermometer readings, 
The values of the boiling points correspond to the given pressures in 
millimeters of mercury at 0° C and standard gravity. The results are 
shown in tables 3 and 7, and are shown graphically in figure 1 ip 
comparison with the boiling-point curves for 2-methylbutanol-1 and 
its halides. 


TABLE 3.—Boiling points of pentanol-2 and its halides 























Pen- 2-Fluoro- | 2-Chloro- |2-Bromo-| 2-Iodo- 

Pressure tanol-2 | pentane | pentane | pentane | pentane 

mm of Hg "¢ °¢_ *C¢ a oft => 
_ eee oe b - gavete 24.7 42.5 63.4 
_, aa Na eras 39. 4 58.3 80.1 
| eee 79.2 14.4 49.5 68. 2 90.7 
___ ee 85.4 20.8 56.6 75.9 98. 4 
eS 94.5 30. 6 67.9 87.7 110.9 
_ BOS ee 101.6 37.8 76. 2 96. 2 120.3 
500 _ - 107.6 43.1 82.8 103.6 128. 6 
EAS BSA ea) ee eraale 3 e ik 
LL EE BCS ae manele ioe 
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* Atmospheric pressure observed. 
> Values calculated to normal boiling point according to Int. Crit. Tables 3, 246 (1928). 
¢ Decomposed. 


3. EXPERIMENTS FOR THE CLASSIFICATION OF THE FOUR ACTIVE 
HALOGENOPENTANES 


Before rule I could be tested it was necessary that the four active 
halogen derivatives be classified according to their configuration, since 
only derivatives of like configuration are comparable. It has been 
found by many investigators that starting from active secondary 
alcohols some reactions yield active derivatives with an inverted 
configuration. The subject of inversion is treated in more detail in 
section ITT. 

It seemed highly probable that reaction of an optically active alcohol 
with analogous halogenating agents, as with HCl, HBr, and HI, or 
with PCl;, PBr;, and PI;, should yield three active halogen derivatives 
of predominantly D configuration or three derivatives of predomi- 
nantly Z configuration. Efforts to obtain the fluorine derivative by 
methods analogous to those used for obtaining the other halogen 
derivatives were not successful, and many experiments with hydro- 
fluoric acid under different conditions did not yield an active fluorine 
compound. As already described, the active 2-fluoropentane was 
obtained from the active bromo- or idopentane by the action of silver 
fluoride. Hence the above scheme could not be applied for the 
classification of all halogen derivatives. 

It was finally realized that an analogous saponification method 
might be useful for deciding the question. Indeed, the following 
experiments led to the solution of the problem. (It is necessary to 
describe these experiments in detail to arrive at an interpretation.) 

Twelve grams of levorotatory 2-chloropentane originally prepared 
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by the hydrogen chloride method and rotating —14.3° S in a 0.2-dm 
tube (about 83% of the rotatory power of the highest-rotating 2- 
chloropentane) was shaken with 200 ml of aqueous normal sodium 
hydroxide solution in a sealed tube at 135° C for 24 hours. After 
cooling the tube it was opened and the upper layer separated. The 
aqueous solution was neutralized with 3-normal nitric acid, filtered, 
and extracted with ether. The ether extract was added to the 
separated layer and the mixture dried and fractionated, first at ordi- 
nary pressure for separating the ether and then at 200-mm pressure. 
After three fractionations, in which the highest-rotating fractions were 
combined, a 3-g fraction was collected. This had a rotation of +4.2° 
S,ina 0.2-dm tube. This fraction could be identified by its positive 
rotation, boiling point, refractive index, and odor, and the melting 
point of its acid phthalate as dextrorotatory ia a ey 

It may be calculated that by using the purest 2-chloropentane (pre- 
pared by the phosphorus trichloride method) which rotates 100/83 
times higher than the 2-chloropentane used in the saponification 
method, adextrorotatory methylpropylearbinol of 4.2/0.83=5.05° Sin a 
(.2-dm tube could be obtained. As the alcohol originally used for the 
chlorination rotated +6.45° S in a 0.2-dm tube, the methylpropyl- 
carbinol recovered from the saponification of the 2-chloropentane had 
the same sign of rotation as the original alcohol used for the chlorina- 
tion, but the magnitude of its rotation was only 78 percent of that of 
the original alcohol. 

The saponification of 2-bromopentane can be performed under 
milder conditions than those used in the saponification of 2-chloro- 
pentane. Ten grams of levorotatory 2-bromopentane of —25.2° S in 
a 0.2-dm tube (the purest 2-bromopentane obtained rotated —25.3°S 
ina 0.2-dm tube) was shaken with 140 ml of aqueous normal sodium 
hydroxide solution in a sealed tube at 90° C for 12 hours and worked 
up as described for the saponification of 2-chloropentane. A 2.5-g 
fraction was obtained, which exhibited an optical rotation of +4.5°5 
ina 0.2-dm tube. Hence the methylpropylcarbinol recovered from 
the saponification of 2-bromopentane had the same sign of rotation as 
the original alcohol used for the bromination, but the magnitude of 
the rotation was only 70 percent of that of the original alcohol. 

The saponification of 2-iodopentane gave only a small yield of 
alcohol. Fifteen grams of 2-iodopentane of —33.8° S in a 0.2-dm 
tube (the purest 2-iodopentane rotated —34.5° S in a 0.2-dm tube) 
was shaken with 150 ml of aqueous normal sodium hydroxide solution 
ina sealed tube at 110° C for 42 hours and worked up as described for 
the saponification of 2-chloropentane. One and one-half grams of 
a fraction rotating +4.4° S in a 0.2-dm tube was obtained. The 
product was identified, as described for 2-chloropentane, as dextro- 
rotatory methyl propylearbinol. It may be calculated that by using 
the purest 2-iodopentane, a methylpropylearbinol of +4.4X (34.5/ 
33.8)=+4.5° S in a 0.2-dm tube could be obtained. Hence the 
methylpropylcarbinol recovered from the saponification of 2-iodopen- 
tane had the same sign of rotation as the original alcohol used for the 
lodination, but the magnitude of its rotation was 70 percent of that 
of the original alcohol. 

For the saponification of dextrorotatory 2-fluoropentane, obtained 
by treatment of levorotatory 2-bromopentane with silver fluoride, the 
following procedure was used. In a preliminary experiment, 3.6 g 
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of slightly inpure 2-fluoropentane of +6.2° S in a 0.2-dm tube was 
shaken with 100 ml of half-normal aqueous sodium hydroxide solution 
at 95° to 100° C in a sealed tube for 12 hours. For determining the 
progress of the reaction, the tube was cooled and opened. 

The reaction mixture consisted of a supernatant liquid and ap 
aqueous alkaline solution. The supernatant liquid, largely unchanged 
fluorine derivative, was separated and without further purification 
showed an optical rotation of +6.6° S in a 0.2-dm tube, or an increase 
of 6.5 percent. The aqueous alkaline solution gave a test for bromides 
and was destrorotatory. Since the fluorine derivative was prepared 
from levorotatory 2-bromopentane, it must have been contaminated 
with this substance, which, on treatment with sodium hydroxide, 
gives sodium bromide and dextrorotatory methylpropylcarbinol, 
The increase in the dextrorotation of the fluoropentane was caused 
by removal of the levorotatory impurity, whereas the dextrorota- 
tion of the aqueous solution was caused by the presence of the dextro- 
rotatory alcohol. In fact, a sample of the fluorine derivative ob- 
tained by microfractionations, as described elsewhere, gave an optical 
rotation of +7.5° S in a 0.2-dm tube, a value considerably higher 
than that of the material used for hydrolysis. 

Unfortunately, the writer did not have a sufficient quantity of this 
pure material to make saponification measurements. 

To effect saponification of the fluorine derivative, more vigorous 
treatment is necessary. The material, after treatment with sodium 
hydroxide, as described above, was shaken with 8 g of barium hy- 
droxide (Ba(OH).+8H;0) and 100 ml of water in a sealed tube at 
135° C. Following the progress of the reaction, the tube was inter- 
mittently cooled and opened; a portion of the barium hydroxide 
solution was neutralized and filtered, and its rotation was read to 
determine the amount of dissolved active alcohol. The rotation of 
the liquid after 7 days of shaking at 135° C remained constant. The 
reaction product was worked up as described, and about 1 g of a 
levorotatory fraction of —4.1° S in a 0.2-dm tube was obtained. 
The optical rotation of the fraction was 64 percent of that of the 
alcohol originally used for the preparation. The product was identi- 
fied, as described before, as the levorotatory methylpropylcarbinol. 
Hence the enantiomorphic levorotatory 2-fluoropentane would yield 
by alkaline saponification a dextrorotatory alcoho]. Thus _ the 
saponification experiments show that all halogen derivatives of 
pentanol-2 of the same sign of rotation have the same configuration. 

Another important conclusion can be drawn from the saponification 
experiments in conjunction with the work of Ingold and Hughes, 
who established (for literature, see sec. III, p. 97), that alkaline alco- 
holic hydrolysis of chlorine and bromine derivatives of secondary 
alcohols yield active alcohols with about 90 percent retention of 
optical activity. Thus the separation of a 60- to 70-pereent optically 
pure alcohol by the alkaline aqueous hydrolysis indicates that the 
parent chlorine and bromine derivatives were about 75 percent 
optically pure. The low yield of alcohol from the iodine derivative 
may be explained by cleavage of hydrogen iodide with the formation 
of amylenes, but nevertheless the alcohol obtained was about 70 
percent optically pure. Assuming a 90 percent retention of optical 
activity, the parent iodine derivative was about 80 percent optically 
pure. For the fluorine compound, however, another interpretation 
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js indicated. As already mentioned, treatment of the crude fluorine 
derivative with half-normal sodium hydroxide increased the dextro- 
rotation by 6.5 percent. This increase was attributed to the hydroly- 
sis of a small quantity of the levorotatory bromine compound present 
as an impurity. Of equal importance is the peculiarity that the 
time and temperature necessary for the saponification of the fluorine 
compound are considerably greater than those required for the other 
halogen compounds. Since the fluorine compound is exceptionally 
resistant to saponification, its ionization is undoubtedly low. 

According to Ingold and Hughes, see footnote 13, reaction with 
retention of configuration usually requires ionization. Inasmuch as 
the fluorine compound exhibits an exceptionally low ionization, one 
night anticipate that replacement of the fluorine by alkaline saponifi- 
cation would occur almost exclusively with inversion and the optical 
purity of the alcohol (64%) obtained on saponification would be a 
measure of the optical purity of the fluorine compound. This value 
js questionable because the fluorine compound contained small 
amounts of optically inactive impurities that could be removed by 
fractionation and the drastic conditions of hydrolysis may have 
produced racemization of the alcoho] formed. From these consid- 
erations the author estimates that the specific rotation of the fluorine 
compound obtained is approximately 65 percent (110%) of that for 
the optically pure fluorine compound. 


III. DISCUSSION OF RESULTS 
1. GENERAL 


As already noted, it has been established by many inyestigations 
that active secondary alcohols in which the OH group is directly 
attached to the asymmetric carbon atom yield with some reagents 
active derivatives of the same configuration and with other reagents, 
active derivatives with a predominantly inverted configuration. 
These investigations clearly showed that by displacing one of the 
elements directly attached to the asymmetric carbon of an optically 
active compound, in this case the oxygen atom of the OH group, the 
asymmetric grouping may be changed to its mirror image, with a more 
or less complete Walden inversion. But if only the hydrogen atom 
of the OH group is replaced and the oxygen is left undisturbed, the 
product of the reaction will have the same configuration as that of the 
original alcohol. 

_ A part of these observations recorded in the literature which is of 
interest here can be condensed to the following generalizations.” 

1. The change of an optically active secondary alcohol to a halogen 
derivative will involve a predominating Walden inversion of con- 
figuration. 
ee 


'’ The following references are not complete but indicate the development: 

A. Werner, Liebigs Ann. Chem. 386, 70 (1912). 

J. Gadamer, J. prakt. Chem [2] 87, 344 (1913). 

. Meisenheimer, Liebigs Ann. Chem. 456, 121 (1927). 

B. Holmberg, Ber. deut. chem. Ges. 59, 125 (1926). 

H. N. K, R¢rdam, J. Chem Soc. 1930, 2017. 

H. Phillips, J. Chem. Soc. 128, 44 (1923). 

4 Meer and M. Polanyi, Z. physik. Chem [B] 19, 164 (1932). : 

1. D, Hughes, C. K. Ingold, and S. Masterman, J. Chem. Soc. (1937) 1196, and subsequent publications. 
ee “Physical Organic Chemistry” by L. P. Hammett, McGraw-Hill Book Co., New York, 
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2. If the halogen of a derivative is displaced by another halogen 
a predominating Walden inversion will take place. 

3. The saponification of the halogen derivative by sodium or 
potassium hydroxide to the alcohol will likewise involve a Walden 
inversion. 

In the present investigation it has been shown that dextrorotatory 
pentanol-2 yields, on halogenation, the levorotatory chloride, bromide 
or iodide; similarly, the levorotatory alcohol yields the corresponding 
dextrorotatory halides. Furthermore, levorotatory 2-bromopentane 
and 2-iodopentane on treatment with silver fluoride yield dextrorota- 
tory 2-fluoropentane. Likewise, dextrorotatory 2-bromopentane 
eal FS levorotatory 2-fluoropentane. According to the generaliza- 
tions outlined above, each of these reactions involves a Walden 
inversion, and it follows that dextrorotatory pentanol-2 and the four 
dextrorotatory halides all have the same configuration and that the 
levorotatory compounds are similarly related. The results of the 
saponification experiments reported in this paper are in harmony 
with this conclusion, since they show that 2-fluoro-, 2-chloro-, 2-bro- 
mo-, and 2-iodopentane of the same sign of rotation have the same 
configuration. The results, however, do not establish the relation- 
ship of the configuration of these compounds to that of pentanol-2. 

It is appropriate to make a few remarks concerning the atomic 
diameter values used in this investization. 

At the beginning of this investigation only Bragg’s values for the 
radii of ions of inorganic substances were available. Later it was 
found that radii of the ions of inorganic substances differ appreciably 
from the atomic radii of the same elements when in covalent con- 
bination. The latter radii are properly required for the author's 
comparisons of optical rotation and atomic dimension. However, 
the ratio of the differences (CI-F):(Br-Cl):(I-Br) for the radii of the 
ions is nearly the same as the ratio of the corresponding differences 
of radii of the same elements in covalent combination. This was 
rather fortunate circumstance in the development of this investiga- 
tion. As soon as reliable data for the radii of the halogens in covalent 
combination were available, these data were used in the comparisons. 
Thus the ratio of the differences of Bragg’s values for the ionized 
atoms (41:16:24) were replaced by the Goldschmidt values for the 
atoms in covalent combination, compiled by Wherry ™ (giving the 
ratio 41:14:20) or by those of de Boer and van Arkel © (giving the 
ratio 41:17:22.6) and finally by the data in Pauling’s book ' (giving 
the ratio 41.0:17.5:22.2). Additionally, the atomic radius data’ 
derived from measurements of tetrafluoro-, tetrachloro-, tetrabromo-, 
and tetraiodomethane (compounds which, on account of their struc 
ture, seem to be especially suitable for arriving at reliable values) 
give the ratio 41.0:16.1:21.8. 

Before considering the tabulated results of this investigation, 
attention should be given to the experimental optical-rotation values 
on which rules I and II, are based. The best experimental values for 





44 E. Wherry, Am. Mineral. 14, 54 (1920). 
15 J, H. deBoer and A. E. van Arkel, Z. Physik 41, 27 (1927). 
16 Linus Pauling, The Nature of the Chemical Bond and the Structure of Molecules and Cry: tals, P 
164 (Cornell Univ. Press, 1940). 
17 T,. O, Rrockway, J. Phys. Chem. 41, 191, 747 (1937). 
L. O. Brockway and H. O. Jenkins, J. Am. Chem. Soc. 59, 2042 (1936). 
H. A. Levy and L. O. Brockway, J. Am. Chem. Soc. 59, 1662 (1937), 
C, Finbak and O. Hassel, Z. physik. Chem. 36, [B], 301 (1937). 
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establishing the ratio of the specific rotations for compounds of the 
first class, in which the halogen is directly attached to the asymmetric 
carbon atom, are obtained from the a-halogenotetraacetylglucoses. 
The ratio of the differences corresponding to (Cl-F):(Br-Cl):(I-Br) is 
41.0:17.1:21.4.. These values agree with the ratio of the differences 
in atomic dimension quoted above, for which the ratio 41:17:21 may 
be taken as an average. 

if we interchange the H atom and OH group of the optically active 
D-isomer of a secondary alcohol, the active L-isomer of this alcohol 
is obtained. ‘The structures in space of these two compounds are 
similar, one being the mirror image of the other. Also their physical 
properties are alike, but the D compound rotates the plane of polariza- 
tion of light as much to the right as the other to the left. When 
either isomer of the alcohol is halogenated, mixtures of D and L 
halogen derivatives are obtained, and because of the equality of 
behavior of the D and Z isomers and their inability to form diastereo- 
meric derivatives, without alteration of the asymmetric center, the 
mixtures of these halogenated secondary alcohols are not separable 
by any procedure known. 

In marked contrast to the halogen derivatives of the secondary 
alcohols, the alpha and beta modifications of a halogenoacety! sugar are 
relatively easy to separate and obtain in a pure state because they 
are not enantiomorphs and do not have like solubilities and other 
physical properties. When we compare the above-mentioned opti- 
cally active secondary alcohols with the optically active modifications 
of glucose obtained by interchange of the groups attached to carbon 
I, several important distinctions are apparent. By interchange of the 
OH group and the H atom two isomers are formed; one isomer is 
called a-glucose, the other 8-glucose. 

It has been pointed out in a detailed stereochemical study by the 
author'* that the alpha and beta valences of glucose, by which the 
H atom and OH group are attached to asymmetric carbon I, are not 
equivalent in direction with respect to the structure of the entire 
molecule, in spite of the fact that the directions of these valences 
are equivalent or normal in regard to the other two valences of the 
first carbon. In other words, it is the ring structure which is the 
cause of the peculiarity. 

This peculiarity in behavior is illustrated by the large difference in 
specific rotation between the alpha and beta sugars and derivatives, 
and by the fact that one pure isomer of a sugar will separate by con- 
centrating a solution, which contains an equilibrium mixture of the 
isomers. This shows the difference is solubility of the two isomers. 
Likewise, there is considerable difference in the properties of the alpha 
and beta halogen derivatives. The a-halogenotetraacetylglucoses can 
be obtained free from the 8 compounds in optically pure condition 
and are fairly stable, whereas the 6 halogen derivatives are much less 
stable. As the four a-halogenotetraacetylglucoses differ from each 
other only in that one halogen (which is directly attached to an 
asymetric carbon atom) is replaced by another, they were excellent 
materials, for establishing rule I. The halogen derivatives of second- 
ary alcohols, which are considered in this paper are not so suitable 
for testing rule I, because the saponification recorded and discussed 


LE 


"D. H. Brauns, J. Am. Chem. Soe. 51, 1821 (1929). 
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in this paper show the products contain D and L isomers which are 
not separable. 

For the testing of rule II, compounds are required in which the 
halogen is indirectly attached (by a chain of atoms) to the asymmetric 
carbon. The carbohydrate derivatives are for the most part not 
suitable for the test because of the presence of many asymmetric 
centers, which, when interacting, may act partly according to rule | 
and partly according to rule Il. However, the simple halogen deriya- 
tives containing only one asymmetric carbon atom give results in ac- 
cordance with rule II, as shown for the 1-halogeno-2-methylbutanes, 
See footnote 1. 

On account of the difficulty of obtaining the 2-halogenopentanes in 
the pure state, it was not possible to test the validity of rule I by the 
results of the present investigation. However, by assuming that 
chlorine, bromine, and iodine derivatives of like optical purity are 
obtained by treatment of pure active pentanol-2 with phosphorus 
trichloride, phosphorus tribromide, and phosphorus triiodide, respec- 
tively, comparisons can be made which favor the validity of rule I, and 
decidedly contradict the validity of rule II for this series of compounds. 
The preparation of 2-fluoropentane, however, required the action of 
silver fluoride on the active 2-bromopentane or 2-iodopentane, which 
reaction involves a second Walden inversion. Hence the active 
2-fluoropentane might be expected to differ from the other halides 
in its optical purity. 

On the basis of the above considerations, the following scheme was 
adopted for testing the relationship of the differences of specific 
rotations, and also the differences of the molecular rotations, to the 
respective differences of the atomic radii. In comparing the (CI-F): 
(Br-Cl):(I-Br) ratio of the experimentally found values of the dif- 
ferences of specific rotations with the corresponding ratio of the differ- 
ences of atomic radii (41:17:21), the (Br-Cl) rotational difference is 
reduced to the (Br-Cl) atomic radius difference, which is 17, and 
consequently the correspondingly reduced (I-Br) rotational value 
should not differ materially from 21. However, the correspondingly 
reduced (Cl-F) rotational value can be expected to differ appreciably 
from 41, since a second Walden inversion was involved in the prepara- 
tion of the 2-fluoropentane and its optical purity may be quite different 
from that of the other halogen derivatives. The same scheme is also 
applied for testing rule II for the differences of the molecular rotations. 
In tables 4 and 5 the results of the investigation are recorded according 
to this scheme together with comments on these results. 
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Taste 4.—Comparison of the numerical relation (Cl-F):(Br—Cl):(I-Br) of the 
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TaBLE 5.—Comparison of the numerical relation (Cl-F):(Br-Cl):(I-Br) of the 
molecular rotations of dextrorotatory 2-halogenopentanes for 5892;5 A and for 
5461 A at 20° C with the numerical relation of the atomic radii differences between 
the respective halogens. 


[The values given in column 6 have been obtained by multiplying the values of column 4 by a factor which 
will reduce the second value to 17. This value has been chosen in order to conform to the values given 
in column 5 for the numerical relation between the differences of neutral atomic radii by equalizing the 
(Br-C] value.] 
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2. COMMENTS ON TABLE 4 


The reduced values for the (I-Br) difference of the specific rotations 
for the two wavelengths agree well but do not agree so well with the 
required ratio of 0.21. As the purification of the bromine derivatiye 
is the most laborious, and hence the compound is probably less pure 
than the chlorine and iodine derivatives, it was calculated how much 
the specific rotation of the bromine derivative has to be changed to 
yield the value 0.21 instead of 0.29 for the (I-Br) reduced value. This 
required change for these high rotating derivatives is small, as, in 
stead of +36.190 and +43.161 for the two wavelengths, the specific 
rotation of the bromine derivative should be +36.69 and +-43.79. 
These values are only 0.5 and 0.6 circular degree higher, respectively, 
In other words, the bromine derivative appears to contain about 14 
percent of inactive impurities (or only 0.7 percent of the enantio. 
morph). Another possibility is that the amounts of inversion which 
took place during the preparation of the chlorine, bromine, and iodine 
derivatives were not the same. 

The reduced values, for the two wavelengths, of the (CI-F) differ. 
ences of the specific rotations do not agree so well with themselves or 
with the required ratio of 0.41. The relatively small amount of the 
prepared fluorine derivative (about 3 g) did not allow repeated frac- 
tionations, and the presence of amylenes or other impurities may ac- 
count for the discrepency. 

The large difference between the (CI-F) value, 1.40, and the required 
value, 0.41, may be due to the imcompleteness of the second Walden 
inversion (with silver fluoride) in the preparation of the fluoride from 
the pure active alcohol. The value for the specific rotation of the 
fluorine derivative calculated on the assumption that the atomic 
radius relationship of rule I should hold is + 28.96 for 5892.5 A. Hence 
the experimentally found value (+16.621) is 57.4 percent of the re- 
quired value. A discrepancy of this magnitude is not surprising, since 
Walden inversions with silver salts are known to give variable results.” 

It is noteworthy that the calculation of the specific rotation of the 
fluorine derivative from the dextrorotatory chlorine, bromine, and 
iodine derivatives by application of rule I gives a positive value. This 
indicates that the dextrorotatory fluorine derivative has the same 
configuration as the dextrorotatory chlorine, bromine, and iodine de- 
rivatives. This deduction is in harmony with the results of the 
saponification experiments. Apparently the results in table 4 support 
the possibility that the specific rotational values for the pure optica ly 
active 2-halogenopentanes conform to rule I. 


1® W. A. Cowdrey, E. D. Hughes, and C. K. Ingold, J. Chem. Soc. (1937) 1247. In this communication, 
replacements of one halogen by another are not included in the silver salt inversions, but the range of optical 
purity of 30 to 90 percent for the prepared compounds shows the possibility of a 57-percent value. 
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3. COMMENTS ON TABLE 5 


The reduced values for the (I-Br) differences of the molecular rota- 
tions for the two wavelengths agree reasonably well with each other 
and with the value for the difference between the respective atomic 
radii, The (Cl-F) differences of the molecular rotations agree for 
both wavelengths, but they differ considerably from the value for 
the difference between the respective atomic radii. The calculated 
value for the molecular rotation of the fluorine derivative, based on 
the values for the molecular rotations of the other halogen derivatives 
and on the assumption that the relationship according to rule II 
should hold, is [M/]p?°=—792.0 [a]p?°=—8.77 for \=5892.5 A and 
(Msi? = — 1042.8 [a]sim?°=—11.57 for \=5461 A. This negative 
value for the rotation is in contradiction to the positive value estab- 
lished by the saponification experiments discussed before. Un- 
doubtedly, the values for the molecular rotations of the pure optically 
active chlorine, bromine, and iodine derivatives are higher than those 
used in the calculation. However, if these values should be increased 
in approximately the same ratio the calculated optical rotation of 
the fluorine derivative would become even more levorotatory. Hence 
the experimental results for the 2-halogenopentanes in table 5 do not 
show a relationship between the differences in molecular rotation 
and the respective differences in the radii of the halogen atoms in 
covalent combination. 


4. NUMERICAL RELATIONS FOR OTHER PHYSICAL PROPERTIES 


A series of optically active halogen compounds containing a single 
asymmetric center was prepared primarily to furnish fundamental 
data for testing the relationship of the optical rotations to the atomic 
radii. Other physical constants were determined with the object of 
furnishing fundamental data, which should prove of theoretical 
importance. In this paper, attention will be paid to the values for 
the refractive indices and for the boiling points at various pressures. 

Since the refractivity and boiling point of the pure D compound 
are the same as those of the pure Z compound, these constants for 
mixtures containing the D and ZL isomers will not differ from the 
constants characteristic of the optically pure substances. The 
pentanol-2, the 2-methylbutanol-1, and the halogen derivatives of 
the latter were substantially pure isomers. 


(a) REFRACTIVITY 


In table 6 the refractive indices and the molecular refractions of 
the halogen derivatives of pentanol-2 are compared with similar 
constants for the corresponding derivatives of 2-methylbutanol-1. 
The results show that within the limits of error the ratios of the 
differences for the molecular refractions of the halogen derivatives 
of both amylalcohols are the same. 
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TABLE 6.—Comparison of differences of the refractive indices and molecular refray. 
tions of halogen derivatives of pentanol-2 as well as those of halogen derivatiyes 
of 2-methylbutanol-1 (Cl-F):(Br-Cl):(I-Br) with respective differences of atomic 
radit. 

{In the penultimate row of figures, the value 17 has been obtained by multiplying the (Br-Cl) difference by 

a factor which will reduce it to 17. This value has been chosen in order to conform to the (Br-C]) valug 
of the ratio of the difference of the neutral atomic radii (41:17:21).] 


























Refractivity 

eas 20 , n—1 

Refractive indices, n Molecular refractions, M=7—,--.— 

Substances 3 (n!+2)d 
2-Methylbutanol-1 | Pentano!-2 and | 2-Methybutanol- 

py oD i” ’ ) 

—— 1 and halogen deriv- halogen deriva- and halogen 

& atives tives derivatives s 
een 1, 4056 1. 4107 26. 704 26. 69 
F derivative___.__-- 1. 3520 1, 3576 25. 032 25. O11 
C] derivative_....._- 1. 4065 1. 4124 30. 121 29. 972 
Br derivative___...- 1. 4409 1. 4451 33. 107 32. 868 
I derivative__......- 1. 4951 1.4977 38. 478 38. 041 

















Ratio of differences of above refractivities (Cl-F):(Br-Cl):(I-Br) and of respective atomic radii 





Ratio of differences | 

of refractivity --- = 0. 0545: 0. 0344:0. 0542 } 0. 0548:0. 0327:0.0526 | 5.089:2.986:5.371 | 4. 961:2. 896:5, 173 
Reducing the (Br-C1) | | 

refractivity value 

_ 2 eee 27:17:27 28. 5:17:29.3 29:17:30.6 29. 1:17:30.4 
Ratio of differences 

of atomic radii__---- 41:17:21 41:17:21 41:17:21 41:17:21 





* An error in calculating molecular refractions of 1-halozeno-2-mathylbutanes was made in the preceding 
publication (p. 327, footnote 1). The correct values are recorded here. 


It is readily seen from the last two rows of figures in table 6 that 
no correlation exists between differences of refractive indices or molec- 
ular refractivities on the one hand, and differences of respective atomic 
radii on the other. However, it is remarkable, that within the limits 
of error the reduced ratios of the differences of the molecular refrac- 
tions for the two sets of halogen derivatives of the two amy] alcohols 
are the same, as discussed above. 


(b) BOILING POINTS AT VARIOUS PRESSURES 


It has been pointed out and discussed in former publications ** 
that the reduced differences in the boiling points at the same pressure 
of the (Br-Cl) and (I-Br) derivatives of 2-methylbutanol-1 have 4 
numerical relation which agrees with that for the differences in 
atomic radii of the respective neutral atoms, whereas a deviation for 
the (Cl-F) difference exists. The measurements were made with 
the pure halogen derivatives uncontaminated with the enantiomorph. 
In this investigation we are dealing with mixtures of the D and L 
2-halogenopentanes, and the data in table 7 show that also for these 
derivatives the (Br-Cl) and (I-Br) differences in the boiling points al 
the same pressure have a numerical relation which is similar to that 
for the differences in atomic radii of the respective neutral atoms. 
(The boiling points of the pure D compounds are the same as the boil- 
ing points of the pure Z compounds). In figure 1, boiling point curves 
for 2-methylbutanol-1 and its halides (heavy lines) are compared with 
boiling-point curves for pentanol-2 and its halides. 


20 J. Research NBS 18, 315 (1937) RP978. 
1D. H. Brauns, J. Research NBS 17, 337 (1939) RP915, 
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Ficure 1.—Boiling-point curves for 2-methylbutanol-1 and its halides (heavy lines) 
in comparison with boiling-point curves for pentanol-2 and its halides 


TaBLe 7.—Comparison of boiling points of 2-halogenopentanes and 1-halogeno-2- 


methylbutanes with the differences in the atomic radii of the hologens 


[The values given in column 3 were obtained by multiplying the values of column 2 (derived from table 3) 


by a factor. which will reduce the second value to 17. ] 
(Br-C]) value of the ratio of the differences of the neutral atomic radii (41:17:21).] 
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IV. CONCLUSIONS 


The enantiomorphic modifications of pentanol-2 were prepared jp 
the pure state, and the levorotatory isomer was converted to dextro- 
rotatory 2-chlorine, 2-bromine, and 2-iodine derivatives. Levorota- 
tory 2-fluoropentane was obtained by the treatment of dextrorotatory 
2-bromo or 2-iodopentane with silver fluoride. The derivatives 
obtained by halogenation of the alcohol with phosphorus trihalides 
exhibited higher optical rotations than those obtained by use of the 
hydrogen halides. The chlorine, bromine, and iodine derivatives 
were obtained in a fair degree of optical purity, approximately 70 to 
80 percent; the fluorine derivative, the preparation of which involved 
another Walden inversion, was obtained with a lower optical purity, 
The relative amounts of the isomeric modifications were estimated 
from the purity of the alcohol obtained by saponification, and the 
relative optical rotations of the pure 2-fluoro-, 2-chloro-, 2-bromo-, 
and 2-iodopentanes were calculated. It is shown that, in conformity 
with the results of other investigators, all halogen derivatives of 
pentanol-2 of like configuration have the same sign of optical rotation. 

The present investigation was undertaken with the object of check- 
ing the first of two rules previously proposed by the author for corre- 
lating optical rotation with atomic dimension. The first rule states 
that for compounds in which the halogen is directly attached to the 
asymmetric carbon the differences of the specific rotations of the D 
(or L) compound (CI-F), (Br-Cl), and (I-Br) have the same numerical 
relation as the differences of the respective atomic radii of the neutral 
halogen atoms. Although the difficulty of obtaining optically pure 
compounds, on account of incomplete Walden inversion (partial 
racemization) prevented an adequate check of rule I, the experimental 
data in no manner contradict the rule. The deviations which were 
observed can be plausibly explained by the incompleteness of the 
Walden inversion. 

The second rule covers compounds in which the halogen is attached 
indirectly (by a chain of atoms) to the asymmetric carbon, and was 
applied in the comparison of the molecular rotational values of the 
1-halogeno-2-methylbutanes. Rule IT should not be applicable to the 
2-halogenopentanes, and the results agree with this. 

In contrast to this difference in optical rotation behavior between 
the halogen derivatives of the two active amyl alcohols (2-halo- 
genopentanes and 1-halogeno-2-methylbutanes), it was found that 
these two sets of compounds are similar as to refractivity and boiling 
points at different pressures. 


Wasuineton, March 26, 1943. 
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TENSILE AND OTHER PROPERTIES OF CONCRETES 
MADE WITH VARIOUS TYPES OF CEMENTS 


By Louis Schuman and John Tucker, Jr. 


ABSTRACT 


An improved tensile-test method for concrete has been developed. Cylindrical 
specimens, 4 by 16 inches, are used, and loads are applied at both ends through 
threaded rods embedded in a rich mortar. Compressive- and tensile-strength 
and stress-strain determinations have been made for concretes made with various 
types of cements, including cements with aerating agents, and with various aggre- 
gates. At early ages, strengths for moderate-heat cements were but slightly lower 
than for normal cements, whereas those for high-early-strength cements were 
considerably higher. ‘Tensile strengths usually attained maximum values between 
7daysand3 months. Tensile strengths depended on compressive strengths, type 
of cement, type of aggregate, and on sand-gravel ratios. 
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I. INTRODUCTION 

























The tensile strength of concrete is an important factor in its resist. 
ance to fracture by bending, shrinkage, freezing and thawing, or 
differential expansion. Although a number of investigations on both 
tensile and flexural properties of concretes have been reported, no 
comparative data on the effect of the newer types of cement are 
available. The present investigation was undertaken to develop a 
more satisfactory tensile-test method for concrete than has been used 
in the past, and particularly to secure data on the compressive, ten- 
sile, and stress-strain properties of concretes made with various types 
of cement, including cements with aerating agents. In addition, the 
effect of varying the sand-gravel ratio or the type of coarse aggregate 
on the tensile strength of concrete was studied. 


II. TENSILE-TEST METHODS 
1. PREVIOUS METHODS 


Unlike the compressive test, which has been standardized [1]! 
tensile tests of concrete have been made by a number of different 
methods [2 to 9]. The dimensions of the specimens have ranged from 
12 to 39 in. in length, and from 3 to 6 in. square, or in diameter. The 
shapes of the specimens have also varied, depending on the method of 
applying the load. Some investigators [4, 7, 8, 9] used specimens 
with enlarged ends to which grips were applied. Others [5, 11] cast 
cylindrical specimens and used grips clamped or wedged to the ends 
of the test pieces. Besides the use of unduly large specimens, some of 
these methods are open to objection because of the way the specimens 
break. Specimens with enlarged ends often break at the junction of 
the enlarged and reduced portions. Cylindrical specimens, on the 
other hand, may break near or within the grips [5]. 


2. IMPROVED METHOD 


The type of specimen and method of loading developed in the 
present investigation are believed to overcome these objections. In 
principle, the method is similar to that used in the tests of Talbot and 
of Withey [2, 3]. 

The new feature of the improved method of determining tensile 
strength is the application of the load to the concrete under test 
through threaded rods embedded in a rich mortar molded on the ends 
of the cylindrical test specimens (fig. 1). The preliminary tests with 
this method showed that the specimens always broke well within the 
concrete under test, and that a bond stress of 700 Ib/in.? of embedded 
rod area could be safely used. Thus, for the rods in figure 1, givilg 
about 12 in.? of bond area, no failure in bond or at the ends of the rods 
will occur for loads up to 8,000 lb., equivalent to a tensile stress in the 
concrete of 600 |b/in.’. 

A few tests were made to compare the new method with certain of 
the older methods. With a 1:4.5 concrete, six specimens were molded 
and tested by the new method, and six by each of the following 
methods: 


1 Figures in brackets indicate the literature references at the end of this paper. 
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Figure 1.—Method of molding and of testing tensile specimens. 


1. Specimens 4% in. in diameter, with splayed ends; space be- 
tween grips and specimens filled with a plastic material. Method 
similar to Johnson’s [4]. 

2. Specimens 3 in. in diameter, plain rods of unequal lengths 
embedded directly in the ends of the concrete; load applied through 
plates attached to the rods at each end of the specimen. Method 
similar to Davis’s [6]. 

By method 1, the values of tensile strength obtained ranged from 
350 to 420 Ib/in.?, with an average of 380 lb/in?. 

By method 2, the values ranged from 245 to 380 lb/in.?, with an 
average of 320 lb/in.?. 

The values obtained by the new method ranged from 400 to 420 
Ib/in.2, with an average of 430 lb/in?. 

The higher value obtained by the new method is believed to indicate 
& more uniform stress distribution across the section of failure than 
with the other methods. 
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A 1:3 mortar made with standard Ottawa sand, as used in cement 
testing (Federal Specification SS-C-158a), was also tested. Mortar 
from the same batch was molded into standard briquets and into 
cylinders of the type used for the new concrete tensile-test method. 
At 7 days the average strength for three briquets was 295 lb/in.2, and 
for three cylinders, 360 lb/in.2. At 28 days the averages were 41} 
and 565 lb/in.?, respectively. The cylinders thus gave 22 and 3% 
percent higher strengths than the briquets. 


III. MATERIALS AND TESTS 
1. CEMENTS 


The cements used in the tests were five normal portland cements, 
including a white portland, designated N-1 to N-5, table 1; four 
moderate-heat portland cements, M-—1 to M-4; three high-early- 
strength portland cements, $1-S3; two portland-pozzolan cements, 
P-1 and P-2; one high-alumina cement, L; and eight portland cements 
with rosin, tallow, or vinsol resin as aerating agents ground in at the 
mill, table 2, C to J. One cement was tested both without and with 
a soluble aerating agent, sodium lauryl sulfate, added in the labora- 
tory, so that a comparison could be obtained between aerated and 
unaerated concretes for the same cement, table 2, A and B. Each 
of the cements within a type was from a different mill. 


2. MIXES AND TESTS 


For the tests with the various cements, the aggregates were Potomac 
River sand and gravel. The fineness modulus of the sand varied 
from 2.6 to 2.8. The maximum size of the gravel was % in., with 34 
percent passing the *%-in. sieve and 100 percent retained on the No. 4. 

For all but the aerated concretes, two mixes were tested with each 
of the cements, a 1:2.4:3.6 by weight (mix B, 1:6) and a 1:1.75:2.75 
by weight (mix H, 1:4.5). Only mix B was used in the tests on 
aerated concretes. Compressive and tensile specimens, in triplicate, 
were made for test at 3, 7, and 28 days, 3 months, and 1 year, except 
that for the high-early-strength and high-alumina cements tests a 
1 day were added and the 3-month compressive tests omitted. In 
addition to the compressive and tensile tests, stress-strain relations 
were determined on the concretes made with the cements containing 
aerating agents. 

To study the effect of varying the aggregate proportions, a series 
of tensile tests was made in which the sand-gravel ratio in a 1:6 mix 
with the Potomac aggregates was varied. These tests were made with 
each of three different portland cements. The proportions varie 
from 1:1.9:4.1 to 1:3.4:2.6, and the water content was varied corre 
spondingly to maintain approximately equal flow values. Tensile 
strengths at 3 and 28 days were determined. 

Another series of tests was made to study the effect of a few dif- 
ferent coarse aggregates. For this series, a single cement wit 
Potomac sand was used. The coarse aggregates were Potomat 
gravel, a New York limestone, an Ohio slag, a Pennsylvania trap 
rock, and a New York granite. Two mixes were tested, except !0! 
the granite and trap-rock, for which there was only sufficient mater 
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for one mix. For the Potomac gravel, the mixes were the same as 
for the tests of the various cements. For the other coarse aggregates, 
the cement-sand ratios were the same as for the Potomac, but the 
proportions of coarse aggregate were varied with the bulk specific 
gravities so as to give approximately equal yields of concrete. The 
water contents were varied to give equal flow values, except in one 
case where the Potomac gravel was tested in a mix with the same 
C/W ratio as was used for the other aggregates. Tests were made 
on the 1:6 mixes at 7 and 28 days, and on the 1:4.5 mixes at 3 and 28 
days (table 4). 

n all of the above tests, a set of three specimens was tested at each 
test age. The cements used in the series of tests with various aggre- 
gates and sand-gravel ratios were of different brands or lots from those 
mentioned in section III—1. 


IV. PREPARATION OF TEST SPECIMENS 
1. COMPRESSIVE SPECIMENS 


All mixing and molding of the test specimens was done in a labora- 
tory maintained at 70°+3° F. The 6 by 12 in. compression cylinders 
were prepared by ASTM method C39-39 [1]. The mixing time was 
generally 2 minutes. It was found, however, that the 2 minutes of 
hand mixing was not sufficient to incorporate substantial amounts of 
air where the cements contained aerating agents. Hence these con- 
cretes were mixed for 3 minutes. 

Flow values were determined by ASTM method C124-39, [1, P. 337] 
except that the mold was filled without rodding, and the table dropped 
15 times through a distance of % in. The cement-water ratio was 
generally 1.66 for the 1.6 mix and 2.05 for the 1:4.5 mix (6.8 and 5.5 
gal/bag, respectively) but was varied somewhat to maintain approx- 
imately equal flows. 

The tops of the compression cylinders were capped with neat- 
cement paste, not less than 4 hours after molding them. For the 
slower-setting cements, capping the cylinders in less than 4 hours 
after molding, results in distortion of the caps. 

The cylinders were left in the laboratory for 24 hours, then removed 
—_ gs molds and stored in the damp room at 70°+3° F until 
ested. 

2. TENSILE SPECIMENS 


The method of molding the tensile-test specimens can be seen in 
figure 1. The %- by 4-in. threaded rods were held in position by the 
holes in the bottom plate, B, and the mold was held in place by the 
pms in the plate. The mortar for the ends of the tensile specimen 
consisted of the test cement and sand, 1:1.8 by weight, with a C/W 
(cement-water) ratio of 2.4 to 2.6. Sufficient mortar for a set of three 
tensile specimens was mixed in a pan, by hand. The lower ends of 
three specimens were then molded by rodding the mortar, in two 
layers, each about 2 in. in depth, so as to extend about 1 in. above 
the ends of the threaded rods, figure 1. Concrete, sufficient for 3 
Specimens, was then mixed and placed in the mold in two 4-in. 
layers, each rodded with 20 strokes of the tamping rod. The remain- 
mg mortar was then placed and rodded into the top of each mold. 
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The plates, 7, were then placed in position over the tops of the molds 
and the threaded rods inserted through the holes, with some turning 
and vertical motion to secure good bond to the mortar. The rods 
extended 1 in. beyond each end of the specimen to provide for the 
plates used in testing, figure 1, and had a length of 3 in. embedded in 
the mortar. The space between the ends of the rods and the concrete 
contained a mixture of mortar and concrete. 

The threaded rods were lightly greased before molding into the 
tensile specimens, and could be readily removed by splitting the 
cylinders. The same rods were then used in other specimens. 

The tensile specimens were stored and cured under the same condi- 
tions as the compressive specimens. 


V. TEST METHODS 
1. COMPRESSIVE AND TENSILE TESTS 


The compressive tests were made in a 300,000-Ib. hydraulic testing 
machine at a rate of loading of 1,000 lb./in.? a minute. The tensile 
tests were made in a 100,000-lb. beam-and-poise, screw-driven testing 
machine, operating at an idle head speed of 0.05 in. per minute. One- 
half-inch plates, P, figure 1, were attached to the specimen, and eye- 
bolts, Z, attached to the plates. The loads were applied through 
bars passing through the eye of each bolt and resting against the 
testing-machine heads. 


2. STRESS-STRAIN DETERMINATICNS 


Strains were measured with two Tuckerman optical strain gages 
[10], extended to a 6-in. gage length. The gages were seated on thin 
brass plates attached with plaster of paris to the specimen, and were 
diametrically opposite each other. An intitial stress of 50 or 100 lb/ 
in.? for the compressive specimens, or of 10 lb/in.? for the tensile speci- 
mens, was applied for the first readings. Rates of loading were the 
same as for the strength tests, but the loads were maintained as nearly 
constant as possible while the gages were being read. Strains were 
measured to less than one-millionth. 

However, because of the difficulty of maintaining constant loads 
with the hydraulic machine, any load increment may be in error by as 
much as 400 lb, equivalent to 14 lb/in.? on a 6- by 12-in. cylinder, cor- 
responding to a strain error of 4<10~* for a modulus of 3.5 X 10° |b/ 
in.? This error is less than 2 percent of the strain at a stress of 1,000 
lb/in.?, and correspondingly lower at higher stresses. 


VI. TEST RESULTS AND DISCUSSION 


1. CONCRETES MADE WITH VARIOUS CEMENTS 
(a) GENERAL 


The test results for two concrete mixes with the various cements, 
and for the aerated concretes, are given in tables 1 and 2. For any on¢ 
specimen of a set of three, the deviation from the average was usually 
less than 10 percent, both for the tensile and compressive specimens. 
Practically none of the tensile fractures occurred at a distance of less 
than 2 in. from the ends of the threaded rods, and about 80 percent of 
the fractures were within 2 in. of the middle of the specimen. 
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(b) VARIATION IN STRENGTH FOR CEMENTS WITHIN A TYPE 


There was sometimes considerable variation in strength for different 
cements within a type, as, for instance, for the two portland-pozzolan 
cements, table 1. However, for both the normal and the high-early. 
strength portland cements, the variation of either compressive or 
tensile strength from the average for the type was, at any age, less 
than 16 percent. Somewhat greater variation is found among the 
moderate-heat cements. The aerated concretes, table 2, also show 
considerable variation, as is to be expected from the effect of the 
various acrating agents on the weight per cubic foot of concrete. This 
varied from 138 to 144 lb compared with 146 lb for the unaerated 
concrete made with cement A. 

(c) VARIATION IN STRENGTH WITH TYPE OF CEMENT 

In figure 2 the average strengths for each type of cement are plotted 
against age. For both mixes the strengths for the high-early-strength 
cements, both in tension and compression, for ages up to and including 


28 days are higher than for all others, except for the 1:4.5 mix with 
the high-alumina cement. 


1:6 Mix 1:4.5 Mix 
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Ficure 2.—Age-strength relations for concretes made with various types of cement. 


Strength values are averages for each type of cement. 


In figure 2 it may be seen that to attain an average compressive 
strength of 4,600 lb/in.? requires about 28 days for the normal cements, 
1:6 mix, and about 12 days for the high-early-strength cements 1 
the same mix. Similarly, for an average tensile streagth of 400 1b) 
in.?, attained by the normal cements in 28 days, only about 6 days 
are required by the high-early-strength cements. A similar relatiol 
is seen for the 1:4.5 mix. Thus it appears that the use of a high-early- 
strength cement is of greater advantage in securing high early tensile 
than high early compressive strength. 

For both the 1:6 and 1:4.5 mixes, the moderate-heat cements gav¢ 
strengths up to about 28 days somewhat lower than those for the 
normal cements. After 3 months there is a tendency for the moderate 
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heat cements to give slightly higher strengths, both in tension and 
compression, than the normal cements. 

The aerated concretes, represented only by the 1:6 mix, show a 
wider range of strengths than the other types, as is to be expected 
both from the variety of aerating agents used and the number of 
cements tested. Although the tensile strengths at the early ages are 
on the average slightly higher than those for the normal cements, at the 
later ages there is a tendency for both tensile and compressive strengths 
to fall below those for the normal cements. 

The two portland-pozzolan cements differed widely from each other, 
table 1. For one of these, the strengths up to 7 days were within the 
range of those for the moderate-heat portland cements; however, after 
7 days the strengths for this cement were appreciably lower than those 
given by the moderate-heat cements. The other portland-pozzolan 
cement gave relatively low strengths only up to 3 or 7 days, but there- 
after the strengths were within the range of those for the normal 
cements. 

The high-alumina cement is unique in showing very high early 
strength (at 3 days or less). However, compressive strengths began 
retrogressing some time after 28 days and tensile strengths some time 
after 3 days for the 1:6 mix and 7 days for the 1:4.5 mix, so that at 1 
year the strengths for this cement, both in tension and compression 
were no higher than at 1 day, and were less than for any other type of 
or (4) EFFECT OF AGE OF CONCRETE ON STRENGTH 

While the concretes made with two of the three high-early-strength 
cements (table 1) showed slight retrogression in compressive strength 
for the 1:6 mix after 28 days, those made with all the other types of 
cement except the high-alumina showed continued increase in com- 
pressive strength, for both mixes, up to a year. Tensile strengths, 
however, usually reached a maximum value at some time between 
7 days and 3 months, followed by retrogression (table 1). The 
maximum tensile strengths obtained for the 1:6 mix with the high- 
early-strength cements were higher than those for the same mix with 
the other cements (fig. 2). However, the high-early-strength cements 
showed relatively large retrogressions, and, at 3 months and there- 
after, gave about the same tensile strengths as the normal cements. 
For the 1:4.5 mix, two of the three high-early-strength cements gave 
maximum values at 7 days, but these were no higher than those at- 
tained by other cements at later ages. One of the three cements 
(5-2, table 2) of this type showed large retrogression for this mix. 

The average strengths for the moderate-heat cements at 1 year 
were the highest for all cements tested. For the normal and portland- 
pozzolan cements, any retrogression between 28 days and 3 months 
was usually followed by some recovery, so that, at 1 year, the tensile 
Strengths are never more than 10 percent lower than at 28 days, and 
are often higher. 

The retrogressions in tensile strengths of concretes after certain 
ages may be due to retrogression in mortar tensile strengths, since 
such retrogression occurs with mortar briquets. The retrogressions 
may also be due in part to decrease in bond strength between gravel 
and mortar. Considerable gravel fracture was noted at 28 days, 

538380—43—5 
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and there was some tendency for the percentage of gravel fractured 
to decrease with age thereafter. 


(¢) EFFECT ON STRENGTH OF CEMENT CONTENT OF CONCRETE 


In general, the concrete with the higher cement content (1:4.5 mix ) 
gave higher strength, for all cements, than the 1:6 mix, at correspond- 


600 1:4.5 1X 
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FicurRE 3.—Relations between compressive and tensile strengths. 
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cements, we see (fig. 2) that to attain an average compressive strength 
of 4,600 lb/in.’ requires 28 days for the 1:6 mix and about 14 days for 
the 1:4.5 mix. Similarly, the average tensile strength for the 1:6 
mix is about 400 lb/in.? at 28 days, and this is attained by the richer 
concrete in only 8 days. A similar relation for the two mixes with the 
high-early-strength cements can also be seen. Thus the use of the 
richer mix is of greater advantage in securing high early tensile than 
high early compressive strength. 


(f) RELATIONS BETWEEN COMPRESSIVE AND TENSILE STRENGTHS 


In figure 3 the tensile strengths have been plotted against the cor- 
responding compressive strengths for each of the two mixes, for all 
ages. It is seen that there is a fair relation between compressive and 
tensile strengths. 

For equal compressive strengths, tensile strengths tend to be some- 
what higher for the 1:4.5 mix than for the 1:6. There is also a tend- 
ency for the aerated concretes to have higher tensile strengths for 
equal compressive strengths up to about 2,500 lb/in.? than the other 
1:6 concretes. The high-alumina cement shows appreciably lower 
tensile strength, for equal compressive strengths, than the other 
cements. 

(g) STRESS-STRAIN RELATIONS 


The stress-strain curves for the 1:6 concretes made with cements 
containing aerating agents and for cement A (the normal cement used 
for the tests with a soluble aerating agent), are shown in figures 4 and 
5. The cements are arranged in the order of compressive strengths. 
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Ficure 4.—Stress-strain relations for 1:6 concretes in compression. 
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For the compressive specimens the difference in strain values fo; 
opposite sides of the same specimen was usually less than 60 10~ fy, 
stresses up to three-fourths of the breaking stress; this corresponds 
to a stress difference of 250 lb/in.? or less. For the tensile specimens 
the corresponding difference in strain values was usually less thay 
10X10~*, equivalent to a stress difference of 40 lb/in.? or less. The 
deviation of the strain for one specimen from the average for a set of 
three was only about 2010~* for the compressive tests, and abou; 
3X 10~* for the tensile tests. 
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FicurE 5.—<Stress-strain relations for 1:6 concretes in tension. 


Values of the initial tangent moduli, obtained from the curves of 
figures 4 and 5, are given in table 2. In general, both compressive 
and tensile moduli increase with increasing compressive strengths 
and weights per cubic foot of the concretes. The compressive modili 
varied from 3.4 to 4.1 10° lb/in.?, and the tensile moduli varied from 
3.3 to 4.0 10° Ib/in.2. 

The tensile moduli show no relation to the tensile strengths. For 
the same concrete, the tensile modulus appears to be slightly lower 
than the compressive modulus. Similar but greater differences 
secant moduli have been noted by Johnson [7]. 
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2. EFFECT OF SAND-GRAVEL RATIO AND OF VARIOUS COARSE 
AGGREGATES ON TENSILE STRENGTH 


(a) SAND-GRAVEL RATIO 


6 for 
onds 


mens ‘ ‘ ; ‘ 

than The results of the tests with Potomac River aggregate in which the 
The sand-gravel ratio was varied are given in table 3. It is seen that for 
et of all three cements, K, L, and M, the 1:2.9:3.1 mix gave the highest 


tensile strengths, both at 3 and 28 days (except in one instance where 
the strength is within 5 lb of the maximum) despite the fact that the 
water requirement was higher than for the 1:2.4:3.6 mix. The 
1:1.9:4.1 mix, which was deficient in sand, gave low tensile strengths 
despite the high C/ W ratios. The 1:3.4:2.6 mix, which was definitely 
oversanded, had both a high water requirement and low tensile 
strengths. 


bout 


TABLE 3.—Tensile strength of concretes with various sand-gravel ratios 









































, [Each strength value is the average for 3 test specimens] 
aS | | Tensile strength at— 
dD ‘ C/W by Water Flow ao 
Mix (proportion by weight) ! ‘ . | 
p wt gal/bag % | 3 days 28 days 
_ | | Ib/in.2 Ib/in.2 
CEMENT K? 
——4 as ee ed | | ry 
jae 1.73 | 6.5 | 48 | 145 | 325 
1. 66 6.8 | 49 180 | 380 
1, 53 | 7.4 | 52 | 190 | 430 
i 1,42 | 7.9 | 49 | 160 | 380 
CEMENT L? 
TE © Ae cab eee 5. Tire nee 1.73 | 6.5 | 49 | 180 420 
ee Se SR 1. 66 | 6.8 | 44 220 | 465 
IDDBA nnn shad anes eae & A ioiwbe ke 1, 53 | 7.4 | 43 | 240 | 460 
ii LBOS.......5<5.areeeceblaeeakl Nad astess 1,42 | 7.9 | 55 | 175 | 415 
} | | 
CEMENT M? 
1:1.9:4. iliac ee ai a Dhiallad 1. 66 | 6.8 | 47 145 | 320 
g of 1:2.4:3.6 Wak aatiheu se eeeeea aN aes ee 1.61 | 7.0 | 45 | 160 350 
SARL. ov cicnonwangeoutaeeeuaetee 1.48 | 7.6 | 45 170 | 365 
sive js: 2S eats) OM EPARS yt ME TN 1.33 | 8.5 | 53 | 140 | 325 
ths iiniesinscondiaginionesieledadesk Cie 





' Made of cement, sand, and 34-in. gravel. 
? Normal portland cements of different brands or lots from those listed in tables 1 and 2. 


roll 
(b) COARSE AGGREGATES 

For 

we In table 4 are given the results of the tests with various coarse 


aggregates. 

For both mixes, Potomac gravel gave the highest strengths of any 
aggregate at 3 and 7 days, even when the lower C/W ratio was used. 
At 28 days the Potomac gravel gave higher strength than the other 
aggregates in the 1:6 mix, but the New York limestone gave the high- 
est value for the 1:4.5 mix. Both the trap-rock and granite gave 
fairly low values for the 1:4.5 mix at 28 days, whereas the slag, 
Which had about the same bulk specific gravity as Potomac gravel, 
gave a rather high value. 
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TaBLeE 4.—Tensile strengths of concretes with various coarse aggregates 


{Each strength value is the average for 3 test specimens.] 































ea, i | | Tensile strength ? at— 
tilda Phy ary wt | beet | Water | Flow |~——————_ 
3 days | 7 days 28 days 





gal/bag | percent| lbjin.2 | lbjina 
ee eee 1:2. 4:3.6 1. 66 6.8 ee SE. 280 
RE SEER OR aah SR 1:2. 4:3.6 1. 48 7.6 7 ee 240 

Ses 6 RNR nl cake aco oveseod 1:2, 4:4.0 1. 48 ot We wecnetn 175 
(SESS RS) Seer eer 1:2. 4:3.6 1, 48 7.6 OD hewssvese 195 
ge a e 1:1. 75:2. 75 2.05 5.5 40 _ * eee 
ee RER  e 1:1. 75:2. 80 1, 88 6.0 35 205 

O&O See ---| 1:1. 75:3.00 1, 88 6.0 40 a 
3 fe. See es ea 1:1. 75:3.00 1. 88 6.0 39 ee 
i SE Aaa aan a ae 1:1. 75:2.75 1. 88 6.0 35 OOP Wissinvecs 


























1 The amounts of coarse aggregates were varied in proportion to their bulk specific gravities. 
2 The normal cement used for these tests was different from those of the previous tables. 


For the 1:4.5 mix, the 28-day tensile strengths vary over a range of 
almost 1.4 to 1, depending on the coarse aggregate. Kellerman [11] 
has noted a similar variation, as well as the fact that relative tensile 
strengths for different aggregates depend on the richness of the mix. 
The New York limestone, for instance, gave the highest 28-day tensile 
strength in the rich mix, but the lowest in the leaner mix. A possible 
explanation is, that with some aggregates, such as Potomac gravel, the 
bond strength between mortar and coarse aggregate may be relatively 
high; this would tend to give relatively high strength at the early ages, 
when little of the coarse aggregate is broken. With the New York 
limestone, on the other hand, bond strength may be relatively low 
with the leaner mix, resulting in low strength at the early ages; but 
this aggregate may itself havekichal strength and, when used in a richer 
mix tending to cause failure of the aggregate, the concrete strength may 
be rather high. 

Some of the fractured sections are shown in figures 6 and 7. Figure 
6, A, is a section of 1:6 aerated concrete made with Potomac gravel, 
tested at 3 days. This concrete had an average tensile strength of 220 
Ib/in?, and the failure is mainly in bond of mortar to gravel. B isa 
section of 1:4.5 concrete, also made with Potomac gravel, tested at 
28 days. The average tensile strength was 480 lb/in?, and considerable 
gravel fracture may be seen. 

In figure 7, A is a section of 1:6.4 concrete made with New York 
limestone and tested at 28 days. The average tensile strength was 
315 lb/in®, and very little of the stone was fractured. B is a section of 
1:4.75 concrete made with the same aggregate and tested at 28 days. 
Here the tensile strength was 525 lb/in’, and some aggregate fracture 
occurred. 

VII. SUMMARY 


1. An improved tensile-test method for concrete has been developed. 
Cylindrical specimens, 4 by 16 in. are used, and loads are applied 
through threaded rods embedded in a rich mortar at the ends of the 
specimens. The method gave fairly uniform results because of the 
greater uniformity of stress distribution over the section of failure 
than is obtained with grips, or in tapered specimens, etc. 
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FicurE 6.—Fractured sections of Potomac River gravel concrete. 
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Figure 7.—Fractured sections of New York limestone concrete. 
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2, Compressive and tensile strengths and some stress-strain relations 
were determined for concretes made with a number of cements of 
various types, including five normal, four moderate-heat, and three 
high-early-strength portland cements, two portland-pozzolans, one 
high-alumina cement, and nine portland cements with aerating agents. 
The effects of various sand-gravel ratios and of various coarse aggre- 
gates on tensile strength were also studied. 

3. The high-early-strength cements gave higher strengths than the 
normal cements, both in tension and compression, up to 28 days. 
The moderate-heat cements gave but slightly lower strengths than the 
normal cements up to 28 days; thereafter there was some tendency 
for the moderate-heat cements to give higher compressive and tensile 
strengths than the normal cements. he cements with aeratin 
agents gave somewhat higher tensile strengths than the norma 
cements up to 7 days, but thereafter both compressive and tensile 
strengths were lower than those for the normal cements. Of the 
two portland-pozzolans tested, one gave rather low early strength 
but came within the range for the normal cements at later ages; the 
other gave early strengths comparable to a moderate-heat portland 
but gave relatively low strengths at later ages. The high-alumina 
cement gave very high strengths at 1 day but showed comparatively 
little gain at later ages. 

4. Tensile strengths usually attained maximum values between 7 

days and 3 months, with retrogression in many cases. However, at 
1 year, tensile strengths were generally within +10 percent of the 
28-day strengths, except for the high-alumina cement, which gave 
appreciably lower values. The fracture sections of the tensile speci- 
mens often showed considerable aggregate breakage at 28 days, and 
somewhat less at later ages. 
5. The 1:4.5 mix generally gave higher strengths for all cements 
than the 1:6 mix at the same age. The use of either a richer mix with 
the normal cements, or of a high-early-strength cement, was of greater 
advantage in securing high early tensile strength than high early 
compressive strength. 

6. Tensile and compressive strengths show a fair relation, but the 

1:4.5 mix gave somewhat higher tensile strengths for equal compres- 
sive strengths than the 1:6 mix. For compressive strengths up to 
about 2,500 lb/in.?, the 1:6 aerated concretes gave reed higher 
tensile strengths for equal compressive strengths than the 1:6 mix 
with normal cements. The high-alumina cement gave appreciably 
lower tensile strengths for equal compressive strengths than the 
other cements. 
7. For the nine aerated 1:6 concretes tested with Potomac River 
sand and gravel, the weights per cubic foot ranged from 138 to 144 lb. 
compared with 146 for a corresponding normal cement concrete. 
Initial tangent moduli of elasticity for the aerated concretes ranged 
from 3.4 to 3.9 10° lb/in2 in compression, and from 3.3 to 3.8 10° 
lb/in.? in tension, compared with 4.1 and 4.0, respectively, for a 
hormal cement concrete. Both the tensile and compressive moduli 
Increased with compressive strengths, which ranged from 3,100 to 
4,600 lb/in.? at 28 days. 

8. Tensile strengths of concrete varied considerably with the sand- 
gravel ratio or with the type of coarse aggregate used. A range of 1.4 
to 1 in tensile strength at 28 days was noted for different coarse 
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aggregates, such as slag, crushed stones, and gravel. A crushed lime. 
stone gave relatively low tensile strength in a 1:6.4 mix, and rather 
high strength in a 1:4.8 mix. 


Acknowledgments are due the various cement manufacturers, the 
National Crushed Stone Association, and the National Slag Associa. 
tion for the materials contributed for use in this investigation. 
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MATHEMATICAL TABLES 


Attention is invited to a series of publications “aa by; the Project for" the 
Computation of Mathematical Tables conducted by the Federal Works Agency, 
Work Projects Administration for the City of New York, under the or I 
of the National Bureau of Standards. The tables which have been made avail- 
able through the National Bureau of Standards are listed below. 

There is included in this list a publication on the hypergeometric and Legendre 
functions (MT15), prepared by the Bureau. 


MT1. Tase oF THE First, Ten Powers or THe Intecsrs From 1 To 1000: 
(1938) VIII+-80 pages; heavy paper cover. 50 cents, 


MT2. TABLES OF THE ExPONENTIAL FUNCTION e*. 


The ranges and intervals of the argument and the number of decimal places in the entries 
are given below: 


Range of x Interval of x Decimals given 
—2. 5000 to 1.0000 0. 0001 18 
1.0000 to 2. 5000 . 0001 15 
2.500 to 5.000 - 001 15 
5.00 to 10.00 -O1 12 


(1939) XV-+535 pages; bound in buckram, $2.00, 


MT3. Tasies OF CIRCULAR AND Hypersotic Sines AND Costngs FoR RADIAN ARGUMENTS: 


Contains 9 decimal place values of sin x, co’ x, sinh x and cosh x for x (in radians) ranging from 
0 to 2 at intervals of 0.0001. 
(1939) XVI1+405 pages; bound in buckram, $2.00. 
MT4. Tasres or Stes AND Costnes For RADIAN ARGUMENTS: 


Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 25 
at intervals of 0.001. 


(1940) XXIX-+-275 pages; bound in buckram, $2.00. 

MTS. Taszzs or Snve, Costng, AND ExponenTiAt Inrecras, Votume I: 
Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 
(1940) XX VI+ 444 pages; bound in buckram, $2.00. 

MT6. Taszes or Sine, Costing, AND ExPoNENTIAL INTEGRALS, Vorume II: 


Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001, 
with auxiliary tables. 
(1940) XXXVII+-225 pages; bound in buckram, $2.00. 


MT7. Tase or Naturat Locarirums, Votums I; 


Logarithms of the integers from 1 to 50,000 to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 


| MTS. Tastes or Paopasirry Functions, Votume I: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 5.6 at intervals of 0.001. 
(1941) XX VINI+4-302 pages; bound in buckram, $2.00. 


{Continued on p. 4 of cover} 
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MT9. Tasizs or Natura Locarirums, Votums II: 
Logarithms of the integers from 50,000 to 100,000 to 16"places of decimals. 
(1941) XVIII+ 501 pages; bound in buckram, $2.00. 
MTI10. Taste or Naturat Locaritas, Votume III: 
Logarithms of the decimal numbers from 0.0001 to 5.0000, to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 
MT11. Tass or THE Moments or Inertia AND Section Moputt or Oxpmary Ancues, Caay, 
NELS, AND Bus Ancies Wits Certam Prats ComsBinaTIons: 
(1941) XIII+-197 pages; bound in green cloth, $2.00. 
MT12. Tasre or Naturat Locarirums, Votums IV: 
Logarithms of the decimal numbers from 5.0000 to 10.0000, to 16 places of decimals. 
(1941) XXII+- 506 pages; bound in buckram, $2.00. 
MT13. Taste or Smvez anp Cosmve InteGRAts FoR ARGUMENTS From 10 To 100: 
(1942) XXXII+-185 pages; bound in buckram, $2.00. 
MT14. Tasues or Prosasiuiry Funcrions, Votume II: 
Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and fron 
1 to 7.8 at intervals of 0.001. 
(1942) XXI+-344 pages; bound in buckram, $2.00. 
MT15. The hypergeometric and dre functions with applications to in’ uations 
—— theory. By Chester aon Staieaal Bureau of Standards, pevendeed sam perk 
written manuscript. 
(1942) VII+-319 pages; bound in heavy paper cover, $2.00. 
MT16. Tastz or Arc Tan X: \ 
Table of inverse tangents for positive values of the in radians. Second central differences 
we iadieded for eatin. - 


300 to 2,000 1 
2,000 to 10,000 10 
(1942) XXV-+-169 pages; bound in buckram, $2.00. 
MT17. Miscellaneous Physical Tables: 
Planck's radiation functions (Originally published in the Journal of the Optical Society of 
America, February 1940); and 
Electronic functions. 


(1941) VII+-58 pages; bound in buckram, $1.50. 
MTI8. Table of the Zeros of the Legendre Polynomials of Order 1-16 and the Weight Coefficients 
for Gauss’ Mechanical a aden st - 
(Reprinted from Bull. Amer. Mathemical Society, October 1942.) 
5 pages with cover. 25 cents. 
MT19. On the Function H (m, a, x)=exp (—ix) F (m+1—ia, 2m-+-2; ix); with table of the 
confluent mF ge tion and its first derivative. 
(Reprinted from Journal of Mathematics and Physics, December 1942.) 20 pages, with 
cover. 25 cents. 

Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards,” and send with order, using the blank form facing page 
3 of the cover. 

The prices are for delivery in the United States and its possessions and in 
countries extending the franking privilege. To other countries the price of 
MT1 is 65 cents; that of MT2 to MT16, inclusive, is $2.50 each; MT17, $1.75; 
MT18 and MT19, 30 cents each; remittance to be made payable in United 
States currency. oo 

Copies of these publications have been sent to various Government depositories 
throughout the country, such as public libraries in large cities, and colleges and 
universities, where they may be consulted. 

A mailing list is maintained for those who desire to receive announcements 
regarding new tables as they become available. 





